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ABSTRACT 
It is a well known fact that aramid fibres exhibit poor adhesion with most 
matrices, and many research efforts have been devoted to improve this adhesion. A 
novel chemical treatment has been developed in this thesis for the surface 
modification of aramid fibres that is based on the N-acylation of surface amide groups 
with an acid anhydride. Adhering to the defined objectives, we have shown that the 
treatment is mild, not degrading significantly the mechanical properties of the fibres. 
There was only a slight decrease in fibre strength up to 2.89%, the SEM of treated 
surfaces revealed only a marginal increase in surface roughness. The surface-
anhydride interaction was indicated by differential scanning calorimetry (DSC) and 
confirmed by FTIR and XPS techniques. The fibre surface treatment increased 
interfacial shear strength in model epoxy composites by about 21% and interlaminar 
shear strength in the unidirectional treated fibres-epoxy laminates up to 16% over the 
control samples. A significant increase in storage modulus in composites containing 
treated fibres has been recorded. 
In recent years, graphene /graphene oxide (GO) – a two dimensional nano 
material derived from graphite by oxidation and/or exfoliation of its layers – has 
shown great promise as nano reinforcement in polymer composites, and for tailoring 
interphases. In a novel approach, we have tailored the interphase in aramid-epoxy 
model composites by chemically grafting GO on functionalized surface of aramid 
fibres thus producing a multiscale reinforcement and studied the effect on interfacial 
shear property. In addition to improving fibre-matrix adhesion, the approach has 
exhibited the potential of simultaneously improving the fibre strength, a feature which 
may be beneficial for improving properties of the existing materials. The reactions 
were facilitated in both acidic and basic reaction conditions which resulted in different 
end-properties. The plasma co-polymerized functional primer coating has been 
characterized by contact angle goniometry, micro Raman and X-ray photoelectron 
spectroscopy. Raman and FTIR spectroscopy was used for the characterization of 
graphene oxide. Better strength and adhesion properties were observed for fibres 
treated in alkaline GO bath as compared to those treated in acidic condition, the mean 
tensile strength of the treated fibres improved by 7.9% over control sample. A 
significant improvement up to 44.68% was observed in interfacial shear strength 
(IFSS) in model composites of modified fibres with epoxy.  
vi 
 
Recent studies have demonstrated that addition of small amounts of 
functionalised CNTs in epoxy matrix improved the interlaminar properties of glass 
and carbon fibre composites. In a separate study in present thesis, Woven Kevlar® 
Fabric/ nanoreinforced epoxy laminates have been prepared by hand layup technique, 
wherein a small quantity (0.2 to 0.5 wt%) of acid-oxidized MWCNTs was dispersed 
in the epoxy matrix before laminate fabrication. Flexural strength and dynamic 
mechanical properties have been measured for epoxy-CNTs nanocomposites as well 
as for multiscale hybrid composites and the interlaminar shear strength (ILSS) for the 
later. A 20.26% improvement in average flexural strength and 16.37% improvement 
in flexural modulus were observed in epoxy-CNTs nanocomposites over the neat 
epoxy with only 0.2 wt% additions of MWCNTs. The enhanced mechanical 
properties of the nanomodified matrices reflected accordingly in the flexure tests of 
corresponding multiscale aramid-CNTs-epoxy composites, the best properties among 
the formulations were observed for the hybrid composite containing 0.2 wt% CNTs. 
An enhancement of 15.88% in flexural strength was observed over aramid fabric- 
epoxy laminate without CNTs while elongation at break was also higher. Improved 
mechanical properties associated with the addition of nanophase were also exhibited 
in DMTA analysis. The short beam shear method for measuring ILSS proved 
unsuitable for the composites under study. 
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Chapter 1 
1. INTRODUCTION 
1.1. Fibre Reinforced Polymer Composites 
A composite is made to take advantage of the favourable properties of two or 
more constituents for specific end use applications. A well designed combination 
would yield a set of properties which cannot be provided by any of the constituents 
working alone.  
 In fibre reinforced polymer composites, fibres of high strength and high 
modulus are embedded in a polymer (matrix) and provide the composite its desired 
load bearing capabilities in principle stress direction(s); that's why the term 
'reinforcement' is commonly used for these fibres. The polymer, called matrix in 
composite terminology, forms the continuous phase after solidification 
(thermoplastics) or cross-linking (thermosets), binds together the fibres and provides 
rigidity to the composite. It also protects fibres from physical damages and acts as a 
medium to transmit loads to the load bearing component i.e. the fibres. The 
reinforcement fibres mostly used in commercial applications include various grades of 
glass and carbon fibres, and aramid fibres. The other types of fibres such as boron, 
silicon carbide and alumina find limited applications, mostly in metal matrix 
composites. Fibre reinforced polymers are light weight materials with exceptional 
strength to weight ratios and are particularly suitable for aviation and aerospace 
applications. 
Conventional fibre reinforced polymer composites usually contain 
reinforcement phase either as randomly oriented short fibres or as unidirectional tow 
or woven fabric made up of long continuous fibres. There are distinct interfaces 
between fibres and the matrix, the quality of which have significant impact on overall 
properties of the composite. To be effective, reinforcement must form adequately 
strong adhesive bond with the resin. 
2 
The matrix transfers the applied loads to the load bearing fibres through shear 
stresses that are developed at the interface of matrix and fibre. For a structural 
composite, a suitably strong interface is required to ensure that the load is transferred 
efficiently, and that the integrity of the material and structure is maintained. In 
contrast, for applications which demand higher toughness of the material, a relatively 
weaker interface may be desirable to make such energy consuming mechanisms as 
slip, progressive debond and frictional losses more operative. Thus, the study of the 
fundamental properties and mechanics of interfaces in composites and their 
optimization has been an important area of research. 
1.2. Interface Engineering 
In fibre reinforced composite technology, a classical definition of interface 
according to Kim and Mai [1] is “a surface formed by a common boundary of 
reinforcing fibre and matrix that is in contact with and maintains the bond in between 
for the transfer of loads”. The interfaces have physical and mechanical properties that 
are different from both the fibre and the matrix properties. A region encompassing 
fibre-matrix interface and a finite thickness across it extending in both phases is called 
"interphase". The chemical and physical properties in interphase region change, in a 
stepwise or continuous manner, from bulk properties of fibre at one end to those of 
the matrix at the other end. Drzal et al.[2] have schematically illustrated the interphase 
concept as shown in Figure 1.1. 
Figure 1.1: The concept of interphase in fibre reinforced composites, according to Drzal et al. [2] 
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According to Kim and Mai [1], the chemical and morphological nature of 
reinforcement and matrix, and thermodynamic compatibility between the two govern 
the properties of interfaces which, in turn, determine how a bulk composite would 
perform. The interfaces influence both interlaminar and transverse fracture toughness 
of the composite; depending upon the state of stress and modes of failure, the stiffness 
and strength may also be affected. Kim and Mai [1] commented, "A thorough 
knowledge of the microstructure–property relationship at the interface region is an 
essential key to the successful design and proper use of composite materials". 
In case of an ideal unidirectional composite, longitudinal tensile strength is a 
fibre dominated property and, therefore, does not depend strongly on the interfacial 
adhesion. However in case of very low level of adhesion, the composite is weak 
cumulatively and may fail at lower tensile loads in an interfacial mode. Thus an 
optimum level of interfacial strength is required for good tensile properties of 
composite. Swait et al. [3] achieved a 50% increase in longitudinal tensile strength of 
unidirectional E glass-epoxy composite by optimizing the level of interfacial bonding 
by tailoring the concentration of adhesion active groups at the fibre surface. 
Transverse tensile and flexural strength in both loading configurations depend to 
various degrees on interfacial strength. The effect of interfaces on composites 
properties has been detailed in section 2.4. 
The interface optimization is of extreme importance for brittle matrix 
composites (for example ceramic and carbon matrices) as more than an optimum level 
of fibre-matrix adhesion results in a further increase in brittleness. Due to the strong 
interfacial adhesion, the crack does not deflect and propagate along the interface. 
Instead, it tends to propagate in a straight line perpendicular to the interface and the 
composite fails in a matrix dominated mode. In contrast, the effect is not much 
significant for ductile matrix composites as the crack tip is blunted by the plastic 
deformation of the matrix itself.  
Interfaces are designed qualitatively using well established thermodynamic, 
physical, chemical and mechanical principles. Of prime importance is to understand 
specific adhesion mechanisms involved for a given fibre-matrix system. A thorough 
understanding of these mechanisms would suggest the ways to control interfaces for 
providing superior mechanical properties to the composite.  
4 
1.3. Aramid Fibres and Composites 
The aromatic polyamide fibre, or 'aramid fibre', is a well known class of 
organic fibres. The Federal trade commission of United States has defined aramid 
fibre as “a manufactured fibre in which the fibre forming substance is a long chain 
synthetic polyamide in which at least 85% of the amide linkages are attached directly 
to two aromatic rings”. Since most of the amide groups are directly linked to two 
aromatic rings, the properties of aramids are unique from those of nylons and other 
conventional amides as the later group of polymers have no, or few, aromatic entities 
in the backbone of the polymer. Highly oriented rod-like molecules form extended 
chains along the fibre axis and are connected together by hydrogen bonding to form 
into a fibre of nominal diameter 12 μm. The aramid fibres have fibrillar structure. 
Para aramid fibres have amide linkages attached at 'para' positions to each 
other on aromatic rings in polymer backbone chain. They have higher modulus than 
the 'meta' variant and are mostly used in advanced composites. The commercially 
available para aramid fibres—e.g. DuPont's Kevlar® and Teijin's Twaron® — are 
chemically Poly-paraphenylene terephthalamide; their tensile properties are in 
between to that of glass fibres and present generation of carbon fibres (Figure 1.2). 
However, aramid fibres have unique combination of properties. They have high 
tensile strength at lower density, fairly high modulus, excellent toughness and 
superior damage tolerance, greater thermal stability and chemical inertness which 
makes them a strong candidate for diverse applications. Aramid fibres are extensively  
Figure 1.2: Tensile properties of common reinforcement fibres [Source: 
http://www.netcomposites.com/guide/resin-systems/6] 
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used in protective wears and ballistics, and as reinforcement in plastics, tires, rubbers, 
concrete and high performance composites for aerospace applications. Aramid roving 
and yarn are used in pultrusion processes, prepreg tape and filament winding; typical 
applications include pressure vessels, missile cases, cables, sporting goods and 
tension members [4].  
Campbell [4] has summarised the characteristics of aramid composites. The 
aramid composites have tensile properties that are inferior to carbon fibre composites, 
but superior to glass composites even at a lower density. However their compressive 
properties are extremely poor and inferior to both carbon and glass composites. When 
loaded in compression, aramid fibres exhibit non-linear ductile behaviour at strain 
values as low as 0.3 to 0.5%. This is related to the creation of structural disorders 
called 'kink bands' as a result of compression buckling of extended molecular chains 
in aramid fibres. Because of this compressive behaviour, their use as structural 
material is limited mostly to tension specific designs. They have good fatigue 
properties, typically in tension-tension fatigue loading, second to carbon but superior 
than glass composites. Since aramid composites have high tensile strengths and better 
damage tolerance, they are frequently used to make lightweight missile cases and 
pressure vessels where the loads are mostly longitudinal tensile; the filament winding 
technique is usually employed for the fabrication.  
1.4. Problem Statement 
Aramid fibres form an important class of reinforcement fibres as they have 
high specific strength, superior damage tolerance and excellent thermal stability. 
However, due to high crystallinity they have a smooth and chemically inert surface. 
As a result, they form weak adhesive bonds with most of the matrices. The 
performance of a composite depends strongly on the strength of those adhesive bonds 
and poor fibre-to matrix bonding i.e. a weak interface results in lower off axis 
properties of the composite such as transverse tensile, in-plane and interlaminar shear 
which imposes limitations on its applications. In most of the structural applications, 
composite would always be subjected to certain components of loads acting along off-
axis directions and poor fibre-matrix adhesion may result in lower stiffness and 
reduced load bearing capability. Filament wound composite casings are frequently 
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used for high pressure applications where lower modulus and concomitant larger 
expansions may be highly undesirable. 
Many techniques have been attempted to improve adhesion between aramid 
fibres and matrices. These include chemical treatments [5-9], plasma treatments [10, 
11] , use of coupling agents and finish formulations [12], ultrasound and γ-radiation 
assisted treatments[13, 14], and grafting of CNTs on the fibre surface [15]. In 
referenced studies, and of course in many more, various degrees of success and 
enhancement in properties have been reported. However, certain limitations are also 
attached with most of these techniques. 
Aramid fibre surface can be treated by bromination and metallation reactions 
to enhance adhesion towards host polymer matrices. Bromination increases surface 
roughness while metallation reaction can be used to graft various functionalities to 
fibre surface. Lin [5] studied the effect of various processing parameters and 
identified optimum parameters for these treatments. He reported an enhancement in 
interlaminar shear strength in epoxy composite by 12% (bromination) and 8% 
(metallation followed by grafting with epichlorohydrin). However the treatments were 
quite harsh and resulted in significant reduction in fibre strength.  
Park et al. [6] reported on the oxidation treatment of aramid fibres (Kevlar®29) 
in Phosphoric acid (H3PO4) solution. The treatment increased surface roughness of the 
fibres and also generated oxygen rich reactive surface groups. The optimum treatment 
condition (10%wt solution of H3PO4) resulted in significantly enhanced interlaminar 
shear strength in unidirectional aramid-epoxy composite while toughness was not 
decreased considerably. However, many questions remained unanswered. While the 
SEM micrograph showed significant damage to the surface, the effect on fibre tensile 
strength was not studied. The reasons were not discussed why the treatment in 
concentrations above the optimum resulted in decrease in ILSS while the surface 
concentration of polar groups, to whom the enhanced adhesion was attributed to, was 
increased. Further, the potential reaction sites on fibre surface for oxidation were not 
described, as Kevlar is fairly inert chemically. 
 Maity et al. [7, 8] modified Twaron® aramid fibres surfaces by direct 
fluorination and investigated the properties of short fibres Twaron /Polypropylene 
composite. As a result of fluorination, surface roughness and surface energy of the 
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fibre increased. IR spectroscopy revealed that C-F bonds were also created on fibre 
surface. The modified fibre composite showed better mechanical properties and 
thermal stability as compared to unmodified counterpart. The authors concluded that 
Twaron® surface modification resulted in enhanced adhesion with the polypropylene 
matrix and improved the properties of the Twaron fibre-polypropylene composites. 
However, they did not explain the role of newly created C-F type bonds in enhancing 
the adhesion, while they pointed out that these bonds were not involved in adhesion 
with matrix. Further the effect of direct fluorination on fibre tensile properties was not 
reported.  
Jeong et al. [9] treated aramid fabric by direct fluorination at various 
temperatures. The samples treated at elevated temperature (150 °C) had rougher 
surface morphology, and became hydrophobic and oleophobic. The treatment 
increased wettability of aramid fabric towards phenolic resin, which improved 
impregnation of the fabric with the resin. Based on those observations, the authors 
suggested that treatment would enhance interfacial adhesion with the polymers. 
However, the effect of treatment on strength of fibres was not investigated here as 
well. 
C. Jia et al. [10] improved adhesion of Twaron® aramid fibres with 
thermoplastic matrix poly(phthalazinone ether sulfone ketone) (PPESK) by treatment 
in 'air dielectric-barrier-discharge' plasma. The treatment introduced oxygen 
containing surface groups and increased roughness of the surface for finish free fibres. 
For fibres containing a 'finish' layer, the treatment etched and partially removed the 
layer and created also the reactive groups. The interlaminar shear strength (ILSS) in 
composites containing treated fibres increased significantly. The SEM images of the 
fractured samples also revealed better adhesion characteristics in case of treated 
fibres. However the technique is still in its infancy and need further studies; the scale 
up issues are still to be considered for its wide spread acceptance and adoption by 
industry. 
Commercially, 'finishes' of different proprietary formulations (also known as 
'sizing') are applied on reinforcement fibres to improve handleability characteristics. 
These formulations usually contain component(s) to enhance compatibility and 
adhesion with matrices, along with an 'oily' component to provide ease of processing. 
de Lange and co-workers [12] reported on the effect of finish formulation in terms of 
adhesion promoter (epoxy/amine) component to the oily component ratio to the 
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adhesion characteristics of a Twaron® aramid fibre basic yarn type to an epoxy 
matrix. They identified an optimum ratio which resulted in maximum fixation of 
adhesion promoter on fibre surface and enhanced interlaminar shear strength in 
unidirectional epoxy composite. However, para aramid fibres 'sized' with standard 
finish, in general, show lower interfacial shear strength (IFSS) than their 'unsized' 
counterparts [16], as its presence can form a weak boundary layer.  
γ-Ray radiation is a famous method for surface modification of polymers. 
Zhang et al. [13] grafted phenol-formaldehyde polymer on Armos® fibres by 
irradiation with γ-rays. The modified fibre-epoxy composite showed an enhancement 
in interlaminar strength by 25.4% over untreated fibre composite. It was shown that 
the surface concentration of polar groups was increased after the treatment, which 
also increased the surface free energy polar component. Likewise, nanoindentation 
technique revealed the hardness of all three phases- fibre, interphase and matrix- in 
the composite was higher for treated fibres composite. 
In a recent approach, Chen et al [15] reported grafting of carbon nanotubes 
(CNTs) on Kevlar fibre surface which increased the strength of Kevlar fibre by 12%. 
The nanostructured interface created by the grafted carbon nanotubes enhanced the 
interlaminar strength in modified fibre-Bismalemide composite by 30%. Pendant 
amine groups were created on fibre surface by the catalytic reaction of 
Hexamethylene diisocyanate followed by chemical grafting of COCl-functionalized 
multiwall carbon nanotubes. This approach proved advantageous by simultaneously 
improving mechanical performance and surface activity. However, agglomeration and 
entanglement of tubes forming the bundles present significant processing challenges. 
Further, scale up of the technique would require incorporation of multistep processing 
in production line. The higher cost of CNTs and use of highly toxic chemicals are 
other points of concern. 
It is evident from the review of the recent literature that a variety of techniques 
have been used to modify conventional aramid fibre surfaces in view of enhancing 
their adhesion towards different matrices. The review indicates that: 
 Each technique has its own merits and demerits; plasma surface activation is 
not durable with time[17, 18], the direct fluorination may result in breakage of 
amide bonds of the fibre [19] which may result in a weak surface layer and 
poorer interfacial adhesion though surface is chemically activated. In 
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application of finish formulations, a poor fibre-finish interaction may form a 
weak layer at the interface resulting in a reduced stress transfer at the 
interface[16, 20]. Surface modification by grafting CNTs uses highly reactive 
and toxic chemicals in multistep processing. 
 The treatments mostly degrade mechanical properties of the fibre itself to 
significant levels; bromination, metallation, phosphoric acid treatment and 
acid chlorides are particularly damaging. 
 Some treatments are very specialised and suitable for laboratory use only. 
 The reported enhancements in interfacial/interlaminar shear strength have 
been rarely related to the performance features of typical aramid composite 
structures, for example pressure vessels or filament wound rocket motor 
casings.  
 
In contrast to glass and carbon fibres where silanes coupling and anodic 
oxidation respectively are the standard commercial surface treatments, a widely 
accepted and practiced surface treatment technology for aramids is still not available. 
This, in some extent, is related to the structure of the fibre which tends to break itself 
by defibrillation even if fibre-matrix bond is quite strong. However, a fair level of 
improvement in adhesion can be achieved [21] and, thus, it is justified to put further 
efforts on the subject. Chemical surface treatment is flexible and advantageous in that 
it may be easily incorporated in the fibre processing or prepreg production line 
without the need of any special equipment. It is highly desirable that a chemical 
surface modification method for aramid fibres is developed that may use cost 
effective and easy to handle reagents in an easy to process and easy to scale up 
technology, causing least damage to the original fibre strength. Enhancement in 
mechanical properties of aramid composite through interface tailoring and study of 
structure property relationship is the subject of the present research. 
1.5. Research Objectives 
This research is focused on improvement of interfacial adhesion and tailoring 
of interfaces / interphase in aramid - epoxy composite, in a view to enhance the 
dynamic modulus in continuous fibre composites, to a level reasonably above that 
which is achieved using commercial fibres. The strong interfacial interactions 
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between matrix and reinforcement phase may result in reduced mobility of molecular 
chains, which may alter the viscoelastic response of the composite and enhance 
storage modulus [22]. However, the typical obligation has been to accomplish this 
with the minimum damage to the fibres mechanical properties, and that the 
technique(s) would preferably be suitable for scale-up. The structure - property 
relationships have been established, at least qualitatively, and verified. Novel 
approaches have been worked out and reported in the thesis. 
1.6. Research Methodologies 
I. The surface of aramid fibre can be functionalized by N-Acylation reaction 
[23] with a suitable acylating reagent such as a carboxylic acid chloride or an 
acid anhydride [24, 25]. Though chlorides (Cl–) are stronger acylating agents 
and acylation treatment of aramid fibres with acid chloride improves 
interfacial properties, the fibre's mechanical strength is badly affected. 
Andreopoulos reported that the aramid fibre strength was decreased by 19% 
after treatment with methacryloyl chloride [26]. Acid anhydrides are much 
milder chemically. However, little is found in literature on surface treatment 
of aramid fibres with an acid anhydride. Rebouillat et. al. [27] patented a resin 
solution "finish" (coating) formulation that also contained a small proportion 
of an acid anhydride. The main components of the formulation were: a 
polyamide resin based on long-chain branched dicarboxylic acids and having 
terminal carboxylic acid and/or amino groups, and a copolymer mainly 
consisting of ethylene and containing carboxylic acid and/or carboxylic acid 
anhydride groups and carboxylic acid esters. The complex formulation 
intended to improve processability of aramid fibres in knitting and weaving 
processes and a secondary objective was to improve their adhesion bonding 
with other substrates; the authors claimed improvement in both of the 
parameters. However, neither the roll of anhydride in formulation and possible 
interaction with the fibre nor the effects of finish formulation on mechanical / 
thermo-mechanical properties of composites were disclosed. Following an 
earlier work [28], the surface of aramid fibre has been treated with an acid 
anhydride and studied the effect on interface character in aramid-epoxy 
composite. The resulting composite has been tested to evaluate and analyze 
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the changes in interface dominated mechanical properties, typically interfacial 
and interlaminar shear, flexural strength, and dynamic mechanical behaviour. 
II. In recent years, graphene /graphene oxide (GO) – a two dimensional nano 
material derived from graphite by oxidation and/or exfoliation of its layers – 
has shown great promise as nano reinforcement in polymer composites, and 
for tailoring interphases [29, 30]. In a novel approach, we have tailored the 
interphase in aramid-epoxy model composites by chemically grafting GO on 
functionalized surface of aramid fibres. In addition to improving the fibre-
matrix adhesion, the approach has exhibited the potential of simultaneously 
improving the fibre strength, a feature which may be highly beneficial for 
improving properties of the existing materials. 
III. Recent studies have demonstrated that addition of small amounts of 
functionalised carbon nano tubes in matrix (epoxy) improved interlaminar 
properties in composites containing glass and carbon fibres [31, 32]. The 
proposed mechanisms for the observed enhancement are the preferential 
orientation of carbon nano tubes (CNTs) in the Z-direction [31], and covalent 
integration of CNTs in the matrix creating coupling at the interface [32]. We 
have studied aramid /epoxy/CNTs hybrid composites in similar context.  
This thesis records rigorous experimentation on surface modification and 
adhesion characterization in Kevlar® aramid fibre-epoxy composites while 
comparing the results for untreated and treated fibres. In case of anhydride chemical 
treatment developed in present thesis, unidirectional laminates have been prepared 
using treated and as-received fibres and the interlaminar and dynamic mechanical 
properties have been compared. The modified fibre surfaces have been characterized 
by spectroscopic (X-rays photoelectron, FTIR and Raman spectroscopy) and 
microscopic techniques (Atomic Force and Scanning Electron Microscopy). 
1.7. Organization of the Thesis 
There are six chapters in the thesis. The Chapter 2 contains brief background 
of the field, a short review on the fundamental science of adhesion and mechanical 
and micro-mechanical test methods commonly used in interface related studies in 
composites. The characterization techniques used in present research are also 
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described briefly. Chapter three is all about a chemical treatment technique developed 
in this research for para-aramids. Chapter 4 reports on a novel technique of interphase 
modification, based upon the grafting of graphene oxide nanosheets on aramid fibre 
surface. The chapter begins with literature review on multiscale-reinforcements 
development followed by our research in similar context. Chapter 5 describes work on 
interface effects in aramid/CNTs/epoxy hybrid composites. Chapter six concludes the 
thesis, summarizing the work and comparing results of different techniques. 
Recommendations for future work are also part of this chapter.  
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Chapter 2 
2. Background, Micromechanical 
Testing and Characterization 
Techniques  
2.1. Theory of Reinforcement 
The type of interface / interphase has profound effects on the mechanical 
behaviour of a composite as modelled by early investigators. Piggott [33] has 
presented some of those models in a uniform format in a book chapter. Following 
Piggott approach and notations, the various interfacial interactions and their effect on 
composite mechanical behaviour is summarised here. For more detailed overview on 
the subject, the reader may consult references [34, 35].  
2.1.1. The Elastic Interface - Cox Model  
The model is commonly known as shear 
lag model. The composite is considered to be 
composed up of units of fibres surrounded by a 
cylinder of matrix. In an aligned short fibre 
composite, the cylinders are all parallel and 
arranged in a hexagonal packing, touching each 
other to form the composite. One such element is 
shown in Figure 2.1. When composite is loaded, 
the stress is transferred by the surface shears τie 
from matrix to the fibres and when applied stress 
is in the same direction to that of the fibres, the 
average fibre stress determines the response of 
the composite. The figure 2.1 also illustrates 
schematically the distribution of surface shear 
Figure 2.1: A single fibre surrounded by 
cylinder of matrix forming a unit of 
composite: top, unstressed; centre, 
stressed. Bottom diagram shows elastic 
interfacial shear stresses and fibre tensile 
stress (from Piggott [31]) 
14 
 
and the resulting fibre stress. When interface interactions are purely elastic, the 
composite stress - strain relation and Young's modulus in the fibre direction (E1) is 
then given by: 
σ1= [Vf Ef (1-tanh(ns)/ns) + Vm Em]ε1 
E1 ≈ (Vf Ef + Vm Em) - Vf √(Ef Em)/s 
Where σ1 is the stress applied to the composite in the fibre direction, ε1 is the 
composite strain and Vm is the volume fraction of matrix; 's' represents the aspect ratio 
(fibre length L/fibre dia 2r) and n is defined by 
n2 = Em/ Ef (1+ νm) ln (R/r) 
νm = matrix Poisson ratio  
2R= dia of cylinder element 
The model predicts that, for common matrices having shear strengths not 
greater than 60 MPa, the maximum stress in the fibre would not exceed 2.4 GPa. 
Since reinforcement fibres are stronger than the predicted value, it is expected that 
matrix or interphase would fail in shear before fibre failure. Therefore, the model was 
later modified to include inelastic interactions, interphase failure and subsequent 
interface slip.  
2.1.2. The Yielding Interphase Region 
The loaded unit of composite, in this case, is considered to have two regions 
(figure 2.2): an elastic region near the centre of the fibre and a yielding region near 
the fibre ends which is governed by a constant shear stress τiy. The shear yielding is 
assumed to occur over a fraction of length which depends upon the value of applied 
stress. For estimation of the average fibre stress, the two regions are treated 
separately. The shear stress distribution in the matrix and the resulting fibre stress is 
now taking the form schematically presented in figure 2.2. The stress in the composite 
in this case may then be given by a simplified equation: 
σ1= (Vf Ef + Vm Em)ε1 - Vf (τiy/n
2+ Ef ε1/4 τiy)/s 
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Figure 2.2: A cylinder of matrix surrounding a single 
fibre forms a unit of composite: top, unstressed; centre, 
stressed. Bottom diagram shows interfacial shear 
stresses (τ) and fibre tensile stress for an elastic- 
perfectly plastic polymer (from Piggott [31]) 
Figure 2.3: Theoretical stress-strain curves for carbon-reinforced 
polyether sulphone with different fibre aspect ratio as marked on 
the curves (from Piggott [31]) 
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For a thermoplastic matrix such as polyether sulphone, which can exhibit such 
yielding behaviour, theoretical stress- strain curves have been plotted for various fibre 
aspect ratios as shown in figure 2.3 (the shear yield stress for the system has been 
estimated as 48 MPa and the critical aspect ratio for the fibre with strength of 3.6 GPa 
is 37.5).  
2.1.3. The Slipping Interface 
Instead of a yielding region, composite in this case has a second region near 
fibre ends where the bond has failed (figure 2.4). The frictional sliding then governs 
the stresses in the debonded region of the fibre; the frictional coefficient μ and an 
interfacial pressure P are the parameters that determine the magnitude of stresses. The 
three components contribute towards P are: (i) the shrinkage pressure due to the 
curing process, (ii) the matrix Poisson shrinkage and (iii) the fibre Poisson shrinkage. 
 
 
Figure 2.4: A single fibre surrounded by cylinder of matrix forming a unit of composite: 
top, unstressed; centre, stressed. Bottom diagram shows interfacial shear stresses (τ) and 
fibre tensile stress for an interface that failed at a maximum stress or failed brittlely 
(according to Piggott [31]) 
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The model did not generate a direct solution; the stress-strain plots as given in figure 
2.5 were numerically derived for various fibre aspect ratios. For aspect ratios smaller 
than the critical (< 200), the inefficient reinforcement is evident as interface is not 
sufficient to effectively transfer the stresses. 
2.1.4. The Brittle Interphase 
The brittle failure in a material subjected to a tensile or shear loading is 
characterised by a sudden and catastrophic failure with little sign of any prior inelastic 
behaviour, with a rapid propagation of crack which is governed by an energy release 
criterion rather than maximum stress. Thus, the interphase region strain energy Ut is 
determined as the sum of strain energy in the fibre and that in the matrix, and is given 
by: 
Ut = (1/2) π r
2 Ef ε1 (L - r tanh(ns)/n) 
For brittle fracture, it is assumed that initially vanishingly small cracks are produced 
near the fibre ends, i.e. at a region of maximum shear stress. The condition for these 
cracks to grow is that energy is released: 
d ( 2π r L Gi)/dL ≤ 0 
Figure 2.5: Theoretical stress-strain curves for carbon-reinforced epoxy with different 
fibre aspect ratio, as marked on the curves; Vf =0.5 and critical aspect ratio ≈ 200. Below 
critical aspect ratio, interface is not sufficient to effectively transfer the stresses resulting 
in inefficient reinforcement (from Piggott [31]) 
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where Gi is the work of fracture per unit area of interphase. The model suggested an 
equivalent shear stress for fracture, τd, where 
τd = n√
 (Ef Gi/r) 
2.2. Adhesion 
The most common approach for assessing the quality of interface in 
composites is that the strength of adhesive bond between fibre and matrix is 
measured. All the techniques for measuring interface properties, which have been 
reviewed in section 2.3, rely on this approach. 
2.2.1. Thermodynamic Adhesion 
The first treatise on the subject of interfacial thermodynamics was from Gibbs 
[36]. The Gibbs free energy for surface equilibrium condition is defined as: 
dG =VdP-SdT+ γdA+ Σμi dni = 0  
where S is the entropy and μi is the chemical potential of specie i adsorbed on the 
surface; γ is the surface tension (also called excess surface free energy) defined as: 
γ = (∂G/∂A) T,P,n 
Thermodynamic adhesion takes account of intermolecular (Van der Waals) 
forces between adherent and adhesive when they are in intimate contact and the 
associated processes are reversible. It does not include the contribution of electrostatic 
interactions, or chemical and mechanical bonding at the interface, the later are 
differentiated by the terms chemical and mechanical adhesion respectively. 
Thermodynamic adhesion is quantitatively defined in terms of "work of adhesion" 
and "ideal adhesion strength". 
The energy needed to detach two surfaces in contact from their equilibrium 
position to infinity, at constant temperature and pressure in a reversible process is 
called the thermodynamic work of adhesion, WA. When two phases are brought into 
an intimate contact to form an interface, two surfaces disappear to form a single 
interface and total free energy of the system is reduced by an amount equivalent to the 
thermodynamic work of adhesion (if surface adsorption interactions are neglected): 
WA = γ1 + γ2 - γ12
 γ1 = free energy of 
γ2 = free energy of 
γ12 = free energy of the interface
The maximum force involved in above defined process is called the ideal adhesive 
strength σa which is related to work of adhesion as 
σa = [16/9√(3) ] W
Zo = equilibrium separation between two phases
According to Wu 
only dispersion (London) type van der Waals forces, value of W
100 erg/cm2. For equilibrium separation Z
ideal adhesive strength in the 
MPa). This value is much higher than 
For a brittle matrix with a critical flaw size 5μm and 
adhesion only in fracture energy, the fracture strength reduces to as low as 200 psi, 
whereas the ideal strength was 
is a basic requirement for
mechanical tests contains major contribution
plastic work, so the fracture process in real practices is never reversible.
Since theory predicts high 
adhesive strengths solely from 
intermolecular interactions, it has 
been believed that the only, 
a necessary requirement for strong 
adhesive bonds is good wetting of 
solid by the liquid [36]
characterized by equilibrium contact 
angle θ of the liquid on a 
 (Dupre Equation) 
surface 1 
surface 2 
 
[36]: 
A/Zo 
 
[36], for the thermodynamic adhesion of polymers involving 
A is of the order of 
o= 2 A° in case of an intimate contact,
absence of any flaw comes out to be 80,000 psi (550 
commonly observed values in real applications
the contribution of work of 
220,000 psi. Thus controlling the generation of flaws 
 the design of interfaces. The practical adhesion measured in 
s from the viscoelastic dissipation and 
 
or at least 
. Wetting is 
solid surface; 
Figure 2.6: Surface free energy of liquid and solid 
and the free energy of their interface 
value of equilibrium contact angle θ  
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a balance of interfacial forces determines the value of contact angle as given by the 
Young's equation (Figure 2.6):  
γ
SV = γSL + γLV cosθ 
Work of adhesion can also be measured from the wetting data. Young and Dupre 
equations have been combined into the famous Young-Dupre equation for measuring 
work of adhesion as given by: 
WA = γLV (1 + cosθ) 
Other models based on various approaches and assumptions have also been proposed 
for calculation of WA from wetting data [37]. 
2.2.2. Mechanisms of Adhesion 
Kalantar and Drzal [38] have reviewed the major bonding mechanisms in 
aramid-epoxy composite. Both microstructural and macrostructural aspects can 
influence bond formation. 
2.2.2.1. Microstructural Factors 
Mechanical Interlocking 
At microscopic scale, most surfaces are irregular. When adherents are brought 
into contact, they may interpenetrate into surface irregularities and create mechanical 
interlocking, which is believed to be the main contribution to intrinsic adhesion. This 
is particularly a physical phenomenon which may result in good adhesion even when 
other mechanisms are less operative. Mechanical anchoring is the prevalent 
mechanism in the bonding of polymers to substrates which have porous surfaces such 
as ceramics, wood and spun yarn fabrics. However, aramid fibres have compact 
surfaces which are microscopically smooth; hence this mechanism is unable to 
contribute significantly towards adhesive bonding to polymer matrices. 
Adsorption Interactions 
Adsorption interactions include primary chemical interactions and secondary 
bonding between the surface layer atoms of adherent and the adsorbed molecules of 
adhesive in immediate vicinity on adherent surface. Because of the short range 
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molecular forces involved in these interactions, intimate molecular contact is an 
essential requirement. Covalent bond is the primary chemical interaction which 
involves sharing of electrons across the interface between surface atoms of two phases 
and the energies associated with such interactions are higher, about 200 - 420 
kJ/mole. Secondary bonding, the acid-base interactions (including hydrogen bonding) 
and van der waals forces, are low energy interactions; the associated energies are 10-
25 kJ/mole and 0.1-10 kJ/mole respectively. However, these interactions are operative 
to relatively longer atomic distances and facilitate for chemical interactions. A more 
stable interface is achieved if covalent bonds are formed at the interface. For aramid 
composite, the interlaminar shear strength was increased about two fold when active 
chemical groups were created on fibres surface that formed covalent bonds at the 
interface [39, 40]  
Electrostatic Attractions  
According to the theory of electrostatic attraction, when adherent and adhesive 
is in contact, electron transfer may take place from surface atoms of the substance 
having lower electronegativity to those of the material of higher electronegativity. 
This phenomenon creates double charge layer across the interface, the opposite 
charges are then attracted to establish a bond. However electrostatic interactions are 
much weaker than secondary interactions and usually considerable for fine particles 
and polymer-metal adhesion. Electrostatic interactions for polymers are usually less 
significant when compared to other interactions. 
Polymer Interdiffusion 
The polymer interdiffusion may be a significant mechanism in polymer to 
polymer bonding. However, for this mechanism to be operative, the polymer chains 
must have sufficient mobility and mutual solubility. According to Kalantar and Drzal 
[38], the polymer interdiffusion is not possible for aramid-epoxy adhesion; however 
the epoxy constituents may diffuse macroscopically between fibrils and into the fibre 
skin. 
2.2.2.2. Macrostructural Aspects for Fibre-Matrix Adhesion in Composites  
This section is mostly based on the review article by Kalantar and Drzal [38]. 
Macrostructural aspects include the surface and bulk properties of the adhering phases 
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such as wetting, macroscopic mechanical interactions, characteristics of boundary 
layers etc. that significantly influence adhesion mechanisms and strength of 
interphase. These features do not contribute directly towards intrinsic adhesion, but 
influence interface quality by enhancing or weakening any of the operative adhesion 
mechanisms. The roll of good wetting has been discussed in section 2.2.1. The other 
two macrostructural factors are briefly described here. 
Mechanical Interactions 
Mechanical interactions between adhering phases are related mainly to 
topographic features of the surfaces, the thermal stresses originating from fabrication 
and curing reactions, and Poisson effects. 
The strength of fibre- matrix adhesive bond depends strongly on surface 
topography. All surfaces are rough on microscopic scale. Solid to solid adhesion is 
usually weak due to the limited interfacial area as only the crests on rough surfaces 
are in molecular contact. Low viscosity resins used for composites fabrication 
conform well to the large area associated with surface roughness and create strong 
bonds on solidification. However, if the adhesive has high viscosity, it forms bridges 
over surface crests, entrapping air and creating voids and bubbles at the interface, that 
in general reduce interface strength. The surface topography mainly affects interfacial 
friction which has both adhesive and deformational (purely frictional) contributions. 
All pull-out techniques used for measuring interfacial strength include, implicitly or 
explicitly, the frictional effects. 
During fabrication and curing of composite, solvent removal, thermal cure 
reactions and final cooling from cure temperature cause the matrix to shrink around 
the fibre which creates thermal stresses at the interfaces. The effect is further 
enhanced by the coefficient of thermal expansion (CTE) mismatch between the fibre 
and resin. If fibre has smaller CTE in radial direction than the matrix, the matrix 
would shrink more on cooling from the high cure temperature causing a normal 
compressive force on the interface that, in general, enhances interfacial strength. 
However thermal stresses also produce elastic strains that act as locus of failure on 
debonding. Aramid fibre has a negative CTE in axial direction, whereas the radial 
CTE (~66.3 ppm/°C) is close to that of epoxy (~ 65 ppm/°C). The absence of a 
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significant CTE mismatch is believed to be an important reason for a low level of 
adhesion in this system. 
Poisson effect, which is similar in its consequences to that of thermal stresses, 
arises from differences in Poisson ratio between fibre and matrix. If the matrix has 
higher Poisson ratio than the fibre, it would shrink more in tensile loading than the 
fibre resulting in enhanced interfacial pressure and apparent shear strength. However 
in compressive loading, the effect is reversed and causes interfacial debonding. Since 
aramid fibre and epoxy matrix have similar values of the Poisson ratio, this effect 
does not contribute much towards aramid-epoxy adhesion.  
Weak Boundary Layers 
At interface, presence of an adhesive or cohesive boundary layer of lower 
mechanical properties may result in poor adhesive strength. Adhesive weak layer 
usually results from entrapped gases or contamination of one or both of the surfaces 
and the interfacial failure would occur with little or no damage to the adhering phases. 
A cohesive weak layer exists if the surface layers of the material(s) itself have poor 
mechanical properties and may result in poor adhesion even if the interface is 
adequately strong as the crack propagates through weak surface layers. Aramid fibre 
has skin-core morphology, wherein the skin is believed to have relatively weak 
cohesive strength. Any improvement in interfacial strength would thus be limited to 
the cohesive strength of the fibre skin. 
2.3. Tests for Measuring Interfacial Adhesion 
2.3.1. Single Fibre/Micromechanical Tests on Model Composites 
There are four test methods that have been widely employed for the determination of 
interface mechanical properties which are reviewed in subsections 2.3.1.1 to 2.3.1.4 
and schematically drawn in figure 2.7. These tests are applied on model composites 
made by encapsulating a single fibre in the matrix (except microcompression test 
which may be performed on actual unidirectional composite section), thus creating the 
desired interface to be evaluated. These tests give some average value of interface 
shear strength. Though the tests have been used since decades, there is no general 
consensus on any of these. Each has its own merits and demerits and different degree 
of uncertainty in the measured value. Piggott [41] has critically reviewed the 
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limitations of the single fibre methods indicating anomalies, inherent flaws in data 
acquisition / reduction, and the associated uncertainties. 
2.3.1.1. Single Fibre Fragmentation  
The fibre fragmentation test specimen is made by completely embedding a 
single fibre axially at centre plane of a dog-bone shape resin strip (figure 2.7). The 
resin formulation and cure cycle is selected to avoid curing stresses and fibre 
wrinkling. A necessary condition for the test is that the matrix after cure should have a 
sufficiently higher strain to break as compared to the fibre (three times as a 
minimum). When tensile load is applied from the ends, the shear lag at the interface 
between fibre and matrix transfers stress to the fibre. Depending upon the quality of 
the interface, the fibre stress progressively increases and reaches the fibre fracture 
strength causing the fibre to break inside the matrix .With the steady loading of the 
specimen, fibre fragmentation is repeated many times until a condition is reached 
when the fibre length is less than a critical length lc. The interface is then too small to 
transfer effectively the stress required for fracture and a saturation point is said to be 
reached. Various analytical models, such as Kelly and Tyson model [42], procedure 
of Lacroix et al.[43], Tripathi and Jones cumulative stress transfer function (CSTF) 
[44], are available that relate the average fragment length l (measured 
microscopically) to the apparent shear strength of the interface. However, various 
researchers have pointed out that the assumptions on which the Kelly and Tyson 
Figure 2.7: Schematic drawing of micromechanical test methods for measuring interface 
properties (from ref. [31]) 
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model is based are not valid for polymer composites (see, for example, Ref. [45]), and 
thus the model can be used only for qualitative analysis.  
Though the test is not performed on actual composite, it replicates the events 
occurring within a real composite. Of particular significance, the test facilitates direct 
observation in transmitted polarized light the state of stresses and failure mechanisms, 
which provides an insight on the effect of interface strength on failure modes and 
observed mechanical properties. The test is quite sensitive to the change in level of 
interfacial adhesion. The disadvantages include difficult sample preparation, and use 
of a statistical approach to estimate fibre strength at saturation length. Further, the test 
is also not suitable for aramids due to higher strain to failure and fibrillar fracture in 
aramids [16]. 
2.3.1.2. Microcompression Test (Single-Fibre Push-Out/Microindentation Test) 
In microcompression test, a small indenter is used to push down a fibre to 
debond it from the matrix. A section of composite specimen, normal to the fibre axis, 
is polished and the end of an embedded single fibre is loaded in compression. A finite 
element analysis then enables to evaluate quantitatively the shear stress at the event 
when the fibre debond occurs. 
The advantages of microcompression test include simple operation and the use 
of actual composite, thus incorporating the effects of neighbouring fibres in the 
measured data. However, the test cannot be employed with polymer fibres like 
Aramids. Further, Piggott [33, 41] has argued that Poisson expansions associated with 
compression increase interfacial pressure, and thus produce results that overestimate 
apparent IFSS.  
2.3.1.3. Fibre Pull-Out  
In this method, a single fibre embedded at one end in a block or cylindrical 
disc of matrix is pulled with a steadily increasing force. At the event of debond, the 
load suddenly drops; the debond force versus embedded length plot is then used to 
measure shear strength of the interface. The average value of interfacial shear strength 
τiu is given by the relation: 
F = τiu πdl 
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where F is the maximum force before the fibre debonds, d is the fibre diameter and l 
is the fibre length embedded into the matrix.  
The advantages of pull-out test include direct measurement of load and that 
any fibre-matrix combination can be tested. However, at the point where fibre 
protrudes out of the matrix, the stress field is such that the interface is subjected to a 
normal tensile force which can result in a lower measured value of shear strength. 
Thus the results may not be representative of an actual composite where such a 
phenomenon is not encountered. Furthermore, a precise control over the embedded 
length of the fibre is required as for a given fibre of particular aspect ratio, the force 
required to create interfacial debond must not be higher than the strength of fibre. 
Thus for a 12μm diameter synthetic fibre of the present age, the embedded length 
should not exceed 300μm. A microdroplet test as described in following section is a 
variant of pull-out test which offers a relatively better control over embedded length. 
2.3.1.4. Microbond method 
This test is also known as microdroplet test. It is similar in concept to the pull-
out test except that a microdroplet of resin is used instead of a cylinder or film of 
matrix, and that it can conveniently be adapted for thermoplastics. After the cure of 
resin is complete, the microdroplet is held by a set of shearing knives while the fibre 
is pulled out to affect debond. The same assumptions and data reduction procedure as 
for fibre pull-out test are valid. 
The test is characterized by a large scatter of data. Miller et al. [46, 47] 
developed the test in 1987. After two and a half decades of its inception, a standard 
procedure of the test is still not available which indicates the complexity of problem. 
Subramani and Gaurav [48] has recently reviewed the microbond test for fibre matrix 
interface characterization. The various factors that affect outcome of the test, different 
data reduction procedures and numerical approaches employed to model the test have 
been described. 
2.3.2. Fibre Bundle Pull-Out 
Though not often used these days, this test has sometimes been used as a 
substitute of mono filament pull-out test in study of changes in adhesion 
characteristics of fibres to a particular matrix following fibre surface treatments [23, 
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49]. The attraction lies in relatively convenient way of sample preparation and the use 
of common models of mechanical testing machines instead of a table version suitable 
for registering very small loads involved in single fibre tests. Though the average 
value of interfacial adhesion parameter may slightly differ on absolute scale from that 
would be measured from mono filament pull-out method, it has been shown [49] that, 
when performed carefully, it is quite sensitive to and follows the changes in adhesion 
level and thus can be used for comparison. 
According to the method of Elkink and Quaijtaal [49], the fibre tow is twisted 
for a defined number of turns per centimetre of fibre length, transforming the fibre 
bundle into a nearly cylindrical rope. The diameter of twisted bundle is measured and 
a small length, 2-3 cm, is embedded in a matrix disc. The cured resin disc is held in a 
suitable fixture and the fibre bundle is pulled to debond from the matrix. The 
maximum force before the debond is recorded and used to calculate interfacial shear 
strength .The uncertainty in measuring diameter of the bundle and the geometrical 
factors such as the irregularity of surface shape associated with twisting are the 
sources of error in the measured values of adhesion parameter. 
2.4. Interface Effects on Composite Properties 
Interface affects long and short fibre composites in different ways. In short 
fibres composite, each fibre has a limited interface for the transfer of load and that's 
why these composites are more sensitive to the interface effects. The quality of 
interface would influence both strength and modulus, and also the toughness of the 
short fibre composite. In contrast, for long fibre composites longitudinal tensile 
strength and modulus are little affected, however transverse tensile and on-axis 
compressive strength are strongly dependent on interfacial strength, both increasing 
by increasing the fibre-matrix adhesion. 
The effect of fibre-matrix adhesion on composites' mechanical properties have 
been studied in detail by Drzal and Madhukar [50]. Working with unidirectional 
carbon fibre-epoxy composites, they concluded: 
a) Increasing the fibre-matrix adhesion, 0° tensile would increase only if there 
is an interfacial failure. A high adhesion level may change the failure mode to be 
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matrix dominated, causing the composite to behave more like a brittle material 
resulting in reduced tensile properties.  
b) 0° compressive increases by increasing the adhesion as strong interface 
enhances the value of transverse tensile stress required for Poisson's effect 
delamination. Further increase in interfacial strength increases the compressive 
strength more rapidly. 
c) 0° flexural strength is not a very sensitive indicator of the adhesion level. 
Flexural strength and modulus increase only when adhesion increases to a fairly high 
level. Depending upon the failure mode, a moderate increase in adhesion may result 
in some reduction in flexural strength, as a relatively stronger interface enhances the 
efficiency of stress transfer and the local stresses may reach the ultimate strength at 
relatively lower overall flexural stress.  
d) 90° tensile and flexural, both increase by increasing the adhesion level. 
However, 90° flexural is much more responsive than transverse tensile. 
e) Composite in-plane shear measured by all three common methods followed 
the increase in adhesion, Iosipescu method showed least scatter. However, short beam 
specimens failed prematurely at excessively strong interface when the failure mode 
became matrix dominated.  
f) As fibre-matrix adhesion is increased, Mode1 fracture toughness of the 
composite increases due to the enhanced matrix deformation. 
2.5. Characterization Techniques 
This section describes briefly the characterization techniques used in this 
thesis. The basic principle, simple schematic of the instrument and an introduction of 
working procedure is given for each technique. 
2.5.1. Differential Scanning Calorimetry (DSC) 
Materials undergo changes on heating. "Differential Scanning 
Calorimetry"(DSC) is a thermal analysis technique which relies upon the 
measurement of heat effects associated with the physical and chemical changes taking 
place in a material as a function of temperature. Reactions of solids are nearly always  
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accompanied by enthalpy changes, and thus may be studied by this technique. In 
present thesis, the technique has been employed to identify the temperature suitable 
for the surface reaction of aramid fibre to a chemical reagent, an acid anhydride. 
 In (power compensated) DSC, the separate heat input to the sample and the 
reference material is varied to increase the temperature of the two at exactly the same 
rate during the programmed heating and the difference between two heat inputs is 
recorded at each point during the complete temperature scan. The DSC curve presents 
thermal events as deviations (peaks), above (endothermic) or below (exothermic) the 
base line, indicating increased or decreased heat input rate respectively at the event. 
The area under a peak 'A' is measured, and is related to the change in enthalpy of the 
event as: ΔH = K x A/m, where m represents mass of the sample and K is the 
instrument constant.  
Figure 2.8 schematically illustrates a typical DSC apparatus. Samples are 
usually contained in aluminium pans for measurements up to 500°C; for higher 
temperatures, graphite or gold pans are used. In most DSC applications, an empty pan 
serves as a reference material. A gas, reactive or inert depending upon the nature of 
study, purges the sample-holder chamber. The equipment is thermally calibrated using 
well defined melting transition of indium at 156.5985 °C. 
For correct quantitative interpretation of DSC results, it is important to 
establish precisely the baseline, as all deviations are quantified with this reference. 
Figure 2.8: A schematic drawing of DSC instrument [Source: 
http://pslc.ws/macrog/dsc.htm] 
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Without a sample — i.e. both chambers having empty pans — the baseline (response 
curve) should be a horizontal line, however with sample in the chamber it is slightly 
sloped upward. A shift of base line from zero may be observed if the thermal 
properties of the reference material are different from the sample or if there are slight 
constructional irregularities in reference and sample holders, and may need correction 
in extreme cases. 
 As material's thermal properties may differ before and after transformation, 
the curve usually does not come back to original baseline when a thermal event is 
complete. A number of procedures have been suggested for the construction of 
baselines for reasonable approximation.  
2.5.2. Fourier Transform Infrared Spectrometry (FTIR) 
FTIR spectrometry is a very well known technique of instrumental analysis. 
Like all other spectrometric methods, FTIR spectrometry involves changes in 
electromagnetic radiation resulting from its interaction with the sample. In most FTIR 
applications, sample is exposed to the radiations in mid-IR frequency range of the 
spectrum (4000-400 cm-1), the absorption and transmission of radiations of particular 
frequencies by the sample molecules tells about the chemical structure of organic 
species. The absorption bands in an infrared spectrum correspond to the vibration  
 
 
 
Figure 2.9: Schematic illustration of FTIR Instrument (a) simple spectrometer layout (b) 
working principle 
[Source:"http://chemwiki.ucdavis.edu/Physical_Chemistry/Spectroscopy/Fundamentals/
The_Power_of_the_Fourier_Transform_for_Spectroscopists"] 
(a) (b) 
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frequencies of the bonds between the atoms of the materials, and thus IR spectrum 
serves as a finger print of the sample.  
A simple schematic illustration of FTIR instrument is given by figure 2.9. The 
radiations emitting from an IR source pass through an interferometer. The output 
signal of an interferometer, called interferogram, is a unique and easily measureable 
signal that contains, encoded into it, all the infrared frequencies emitting from the 
source. Thus, the interferogram facilitates the measurement of all frequencies 
simultaneously. This makes the modern FTIR instrument different, and much faster, 
from the older 'dispersive type' where individual frequencies were separated and 
measured independently. Most interferometers work by splitting the incoming IR 
beam at a beamsplitter into two beams. One of these beams reflects off back to the 
splitter from a fixed plain mirror while the other from a plain mirror moving to and 
fro from splitter in few mm amplitude. Corresponding to each position of moving 
mirror, the paths travelled by the two beams differ as these meet at the splitter. The 
interference of the two beams as a function of moving mirror position generates an 
output signal, an interferogram, which contains information of all the frequencies 
emitting from the source.  
The output signal from the interferometer passes through the sample 
compartment and interacts with the sample. The sample absorbs characteristic 
frequencies of energy which correspond to various molecular vibration modes of the 
sample. A specially designed detector measures interferogram signal exiting the 
sample chamber. A computer performs Fourier transform on the digitised signal to 
decode and display the characteristic frequency spectrum. Before measurement with 
the sample, a background spectrum, with nothing in sample compartment, is recorded 
and used to remove instrumental characteristics from the measurement with the 
sample. An inbuilt HeNe laser serves as a standard for wavelength internal calibration 
in 'self-calibration' feature of the instruments.  
The classification of organic compounds from IR spectrum follows two-steps 
approach. At a first instance, the 'group frequency region' (3600-1250 cm-1) would be 
examined for the absence or presence of various functional groups. In second step, the 
'finger-print' regions (1200-600 cm-1) of unknown and known compounds in same 
chemical class are compared to draw final conclusions about the structure of the 
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unknown. Following a particular reaction, the changes in the chemical structure may 
be identified by comparing the spectra before and after the reaction. In present 
research, the changes associated with the surface reaction of aramid fibre with the 
reagent, and the changes in surface chemistry following grafting of nano-phase on 
fibre have been identified with this technique. 
2.5.3. Raman Spectroscopy 
An Indian physicist, Raman C.V., discovered 'Raman Effect' in 1928. Skoog et 
al. [51] has stated the Raman effect as "the visible wavelength of a small fraction of 
the radiation scattered by certain molecules differs from that of the incident beam and 
furthermore that the shifts in wavelength depend on the chemical structure of the 
molecules responsible for the scattering". Raman spectroscopy is built on this effect. 
A powerful laser acts as a source of visible or near-infrared monochromatic light; as 
laser light interacts with molecular vibrations and other low energy excitations, the 
energy of inelastically scattered photon is shifted downward (Stokes scattering) or 
upward (Anti- Stokes scattering). The shift in energy is related to the possible 
vibration modes and excitations of the system and provides information about 
structure of the sample.  
In 'spontaneous Raman', only a small fraction of the incident light (0.001%) 
undergoes inelastic scattering, while the remaining (99.999%) scatter elastically 
(Rayleigh scattering) where frequency of the scattered light does not change. Thus the 
intensity of Raman signal is quite weak as compared to the total light intensity and 
instruments designs provide specialized arrangements to differentiate it from the rich 
Rayleigh scattering and obtain Raman spectrum of high quality. 
A schematic illustration of a simple Raman system is shown in figure 2.10. A 
Raman spectroscope has four essential components: (a) a source of laser light, (b) a 
system for sample illumination and optics for collection of scattered light, (c) a filter 
to select Raman signal and block all elastically scattered light and (d) a dispersive 
element and detector. The commonly used laser sources are Argon ion (wavelength λ 
514.5 nm), Helium-Neon (He-Ne, λ 632.8 nm), Diode (λ 785 nm) and Nd-YAG (λ 
1064 nm). The scattered light is collected by a lens and passed through a beam-stop 
filter; most modern instruments use a 'notch filter' as a beam-stop. A notch filter 
allows all the frequencies to pass through except a narrow range of frequency  
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corresponding to the laser line. As dispersive element, holographic gratings are 
preferred over ruled gratings as they significantly reduce the intensity of stray light. 
Multi-channel detectors are frequently used to measure Raman signal, array detectors 
and Charged-Coupled Devices (CCD) are most common. 
Though Raman spectra may look quite similar to the IR spectra, the difference 
lies in that some kind of groups active in IR may be Raman inactive and vice versa. 
This feature makes the two techniques complementary to each other. Raman 
spectroscopy is particularly suitable for spectroscopic studies of carbon nano-phases – 
CNTs and graphene/graphene oxide – due to the peculiar Raman active transitions of 
these phases. In present research the technique has been used for micro-Raman 
analysis of plasma polymer deposits and their chemical interaction with graphene 
oxide. 
2.5.4.  X-Ray Photoelectron Spectroscopy (XPS) 
XPS is a surface sensitive technique. It was originally named as "electron 
spectroscopy for chemical analysis" (ESCA) to recognize that it is capable of 
providing information not only about surface atomic composition but also about the 
chemical state of those atoms. The technique is based upon the emission of measuring 
their kinetic energy, and is characteristic of the atom from which those electrons were 
emitted. The chemical environment of an atom brings small but measureable and 
reproducible changes in binding energy. Thus a shift in binding energy is an 
Figure 2.10: Scheme of Raman spectroscopy [ Source: 
http://www.sas.upenn.edu/~crulli/TheRamanSpectrophotometer.html] 
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indicative of chemical and electronic state of the atom(s) or molecule. The 
photoelectrons originated within few nanometres (1 - 10 nm) of the top surface can 
only escape the surface without significant energy loss while all others are reabsorbed 
after repeated elastics events; this is the fact that makes this technique surface 
specific. Virtually, all sorts of materials can be analysed by this technique, though 
technique is most effective with solid surfaces.  
The x-rays in XPS experiments are aluminium or magnesium Kα, as these 
have narrow energy bandwidth (0.8-0.9 eV) which is beneficial for better resolution. 
Monochromatic x-rays, when compared to non-monochromatic, have narrower 
bandwidth (0.3 eV), smaller spot size and higher signal to noise ratio. For that 
reasons, more and more modern instruments now use monochromators 
The figure 2.11 represents schematically a modern XPS instrument. The 
essential components of the instrument include (1) a x-ray source with a filter or 
monochromator, (2) a high vacuum chamber containing a sample holder, (3) lens(es) 
for collecting electrons and (4) an electron analyser. A high vacuum (10-6 to 10-8 
mbar) is maintained in the sample chamber to avoid contamination, and attenuation 
 
 
 
 
 
 
 
 
 
 Figure 2.11: Schematic of XPS instrument [source: 
http://www.tut.fi/en/about-tut/departments/optoelectronics-research-
centre/research/surface-science/electron-spectroscopy/index.htm ] 
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of the signal by energy loss events. Electron collecting lens(es) usually have wide 
collecting angle for better efficiency. Hemispherical field spectrometers are the 
standard energy analysers. The strength of electrostatic field of the hemispherical 
capacitor is varied to focus electrons of different kinetic energies on the transducer 
and thus a whole spectrum is recorded. XPS spectrum is a plot of electron counts as a 
function of electrons binding energies wherein the intensity and position of the peaks 
are linked respectively to the composition and binding state of the elements. 
A low resolution or survey scan is first conducted to have information on 
atomic composition of the surface. A high resolution spectrum for selected binding 
energy ranges, characteristic of the elements of interest, precisely records shifts in 
binding energies of the elements which are related to the chemical state of the 
elements. It is often needed to resolve high resolution spectrum into individual 
components contributing to the overall envelope. Fitting peaks to high resolution 
spectra is somewhat a relative approach. However, by adopting good peak fitting 
practices, reliable information can be extracted. Numerous software are available for 
peak fitting models, CasaXPS® is a popular one. 
In present thesis the changes in chemical composition of aramid fibre surface 
after reaction with an acid anhydride and chemical attachment of graphene oxide nano 
sheets in two different experiments have been analysed by XPS. 
2.5.5. Dynamic Mechanical and Thermal Analysis (DMTA) 
Most materials, typically polymers, exhibit mechanical behaviour that is 
somewhere in between to a pure elastic and purely viscous response. The term 
'viscoelasticity' is used to refer this property of materials; the materials themselves are 
called viscoelastic materials. DMTA is a technique that measures viscoelastic 
properties of materials by analysing material's response to an oscillatory stress in a 
temperature or frequency sweep. 
DMA/DMTA applies controlled sinusoidal stress to a sample which generates 
corresponding sinusoidal strain wave that, for most practical materials, lags behinds 
the stress wave by a finite degree δ. By measuring the strain against the peak stress 
value and the phase lag δ, materials properties including storage, loss and dynamic 
moduli (E', E'' and E* respectively), and damping factor (tan δ = E''/E') are calculated.  
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The storage modulus (E') is a measure of materials' ability to store energy on 
deformation (elastic behaviour), whereas loss modulus (E") is the energy lost due to 
material's internal friction and relaxations (viscous behaviour). Symbols E' and E" are 
used when measurements are made in tensile or flexure mode, whereas for shear 
mode G' and G" denote shear moduli. The dynamic modulus is the vectorial sum of 
loss and storage moduli (E*=E'+ ί E").  
For a linear viscoelastic response (low strain < 0.5%), it is possible to write 
stress wave function as a sum of two parts. The component "in phase" to the strain 
function is called elastic component whereas the other, "out of phase" by 90°, is the 
viscous component. Elastic and viscous stress components are separately used to 
calculate storage and loss moduli respectively. Thus DMTA provides a mean to 
measure simultaneously the individual contribution of each component to the overall 
measured response of the material. The storage modulus measured in DMTA is not 
exactly the Young's or elastic modulus. However, the two are somewhat related in the 
Figure 2.12: Block diagram of DMTA (Tension mode) [Source:http://www.hitachi-hitec-
science.com] 
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sense that both measure similar quantity i.e. the energy stored in material when 
deformed, though in entirely different test schemes. 
A typical DMTA instrument is schematically represented by figure 2.12. A 
linear motion drive sets in controlled sinusoidal stress at a given frequency (usually 
low for a temperature sweep) and a linear variable displacement transducer 
/transformer (LVDT) measures the strain signal. An efficient furnace and a well 
designed temperature control system ensure to follow precisely the temperature 
program. Tests are usually performed in one of the three loading configurations: 
tensile, flexure and compression, for which suitable sample fixing arrangements are 
provided.  
In a typical DMTA temperature sweep experiment, storage and loss moduli, 
and damping coefficient (tan δ) are plotted as a function of temperature. Various 
transitions taking place in the material during the temperature sweep are identified by 
a sudden decrease in storage modulus. DMTA is considered most sensitive technique 
for the measurement of glass transition temperature (Tg) of polymers (frequently 
called α-transition). DMTA experiments can be employed to identify the effects of 
fibre surface treatments or interphase modifications, particularly the loss peaks may 
exhibit significant changes [52-55].  
2.5.6. Scanning Electron Microscopy (SEM) 
SEM is a ubiquitous but extremely useful tool for material scientists because 
of its high spatial resolution and greater depth of focus as compared to optical 
microscopes.  
In SEM, (primary) electrons are focused into a small diameter electron probe 
in a high vacuum environment that is scanned across selected area of the surface in a 
raster pattern. At each point on the scanned surface, various elastic and inelastic 
interactions with electrons and nuclei of surface atoms result in three main types of 
signals from the surface: backscattered electrons, secondary electrons, and photons 
(characteristic x-rays). SEM images are constructed using these signals as intensity of 
the signals is sensitive to the local changes in morphological and compositional 
features of the scanned area. The change in intensity of a signal modulates brightness 
of a "cathode ray tube" (CRT/ display screen), thus a contrast is created on the screen 
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which produces image. The inputs of electron beam deflection mechanism and the 
position inputs of the cathode ray tube (CRT) are synchronised so that each point on 
the scanned area is mapped directly on to a corresponding area on CRT. The ratio of 
the scanned area and the CRT screen area thus determines the magnification.  
SEM can create three types of images. Secondary electrons (SEs) are produced 
from the surface as a result of inelastic interaction of primary electron beam with the 
electrons of near surface atoms. They have energies (< 50eV) substantially lower than 
primary beam energy and a suitable detector separates them from other signals. The 
yield of SEs changes with the glancing angle of the beam and thus with the local 
changes in slope on the scanned area. Therefore, the signal is used to construct 
topographical images. The primary electron elastically scattered from the nuclei of 
atoms form backscattered electrons and their energies are close to the primary beam. 
The backscattering increases as the atomic mass of the atoms increases. The 
backscattering signal is quite sensitive to the local changes in atomic masses and thus 
used to construct "phase contrast" images. The characteristic x-rays emitted from the 
surface are analysed in energy dispersive or wavelength dispersive spectrometers. The 
distribution is typical for atoms from which these x-rays are originated and used to 
construct "elemental maps". 
The figure 2.13 schematically describes the operation of a SEM [56]. The 
major components of a SEM are: an electron source in an electron column, a set of 
Figure 2.13: Schematic illustration of SEM (a) operation of SEM (b) electron optics [From J.B. 
Bindell [54]] 
(a) (b) 
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magnetic condenser lenses and allied apertures which focus electron beam on the 
sample, a beam deflection mechanism, a high vacuum chamber, a sample stage 
facilitating x, y and z movements, and detectors. Previously, thermionic tungsten and 
lanthanum boride (LaB6) were mostly used as an electron source, but most modern 
instruments now use a field emission source due to the advantages of high source 
brightness, superior resolution and low voltage application. Condenser lenses control 
beam current and final spot size (to few nm) on the sample; large depth of focus is 
achieved by making the final convergence angle smaller. 
SEM provides very high resolution up to few nanometres and magnifications 
as high as 300,000X can be achieved with reasonable resolution. The non-conductive 
samples require a thin (< 10nm) conductive coating to avoid charge build up, sputter 
coated gold or carbon coating is suffice for most applications. In present thesis, the 
surfaces of control / treated fibres and fractured surfaces of composites have been 
examined by SEM. 
2.5.7. Atomic Force Microscopy (AFM) 
AFM is one of the techniques in a group called "scanning probe microscopy" 
which employs a very fine probe to scan the surface of interest to get desired 
information, which may range from topographic information to magnetic, physical 
and chemical properties of the surface. AFM was invented to function particularly 
with insulating samples as scanning tunnelling microscopy (STM), a technique from 
which AFM has been derived, work only with conducting samples. The attractive and 
repulsive atomic forces between surface atoms and the probe tip cause deflection of 
the probe as it scans, that's how the technique finds its name. Like other scanning 
probe techniques, AFM has high resolution, 0.1 to 10 nm in lateral and 0.1nm in 
vertical direction. The scanned area may be as high as 10μm x 10μm to as low as 
10nm x 10nm, hence a magnification up to 10,00,00,000X may be achieved. 
In AFM, a very fine tip (radius of curvature 10-40 nm) attached to a cantilever 
is made to scan in raster pattern the selected area on a sample, with the help of a 
piezoelectric element which provides for very precise x, y and z movements while an 
optical lever measures the deflections of the cantilever as the tip moves on the surface 
(figure 2.14).The optical lever consists of a laser beam which reflects off from the top 
surface of cantilever and hits a position sensitive segmented photo detector. As  
  
 
 
 
 
 
 
 
deflection of the cantilever 
detector and data is used by a feed 
measured property as a func
showing the variation of measured property (height in case of topographic images) 
over the scanned area. 
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maps topography. Other than the topographic imaging, AFM is used for phase 
detection microscopy, magnetic force microscopy and nanoindentation. Digital nature 
of the data provides numerous options for a large variety of image analysis and 
manipulation tools.  
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Chapter 3 
3. Chemical Surface Treatment of 
Aramid Fibres 
The surface of aramid fibre can be functionalized by N-Acylation reaction 
with a suitable acylating reagent such as a Carboxylic acid chloride or an 
acid anhydride. Though Chlorides (Cl–) are stronger acylating agents and 
acylation treatment of aramid fibres with acid chloride improves interfacial 
properties, the fibre's mechanical strength is badly affected. Acid anhydrides 
are much milder chemically. The aramid fibres have been surface treated by 
an acid anhydride to study the effect on interface character in aramid-epoxy 
composite. The resulting composite has been tested to evaluate and analyze 
the changes in interface dominated mechanical properties, particularly 
interfacial shear strength, flexural and interlaminar shear strength, and 
dynamic mechanical behaviour. SEM analysis of fractured surfaces revealed 
cohesive fracture in modified composites 
3.1. Introduction 
The interfacial interaction in composites may be enhanced using several 
available methods. Chapter 1 reviews many of these to indicate their relative merits 
and demerits. A processing aid, for example, may decrease the surface tension of resin 
to facilitate wetting of the substrate and provide intimate contact [57, 58]. However, 
this may not be favorable thermodynamically as it would also reduce the work of 
adhesion given by the following relation:  
    W= γ1 + γ2 - γ12  
WA is the energy needed to detach two surfaces in contact having surface tensions γ1 
and γ2, from their equilibrium position to infinity, at constant temperature and 
pressure in a reversible process; γ12 is free energy of the interface. It is obvious from 
the relation that thermodynamic adhesion strength will be reduced correspondingly if 
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surface tension of the polymer is reduced. Furthermore, the low energy additive tends 
to migrate to the interface and degrades bond quality; Gibbs equation describes this 
transport process: 
   S= -C(dγ/dC)/RT 
The relation describes that excess surface concentration of the additive per unit area, 
S, is proportional to the negative surface energy gradient with respect to the additive 
concentration in the resin. Thus equilibrium concentration of an additive that reduces 
surface tension of the resin would be higher at the surface as compared to the bulk 
concentration.  
Cross-linking agents that show affinity for both phases to be bonded may be 
employed to produce desired changes in the interface character. The present work is 
based on this latter approach, which is more attractive thermodynamically as it does 
not compromise surface free energy of the polymer matrix or that of the fibre itself to 
enhance wettability. 
The present work is based on the chemical substitution of accessible amide 
hydrogen atoms of aramid surface by reactive pendent groups capable of forming 
covalent bonds with the matrix during curing process of composite manufacturing. 
The suggested treatment is believed to improve fibre-matrix adhesion as it has been 
concluded that for epoxy resins the covalent bonding at the interface is the main 
contribution towards adhesion [59, 60].  
In initial investigations, the DSC and FTIR data provided clues of interaction 
between aramid surface functionalities and phthalic anhydride (PA). In consideration 
of a previous work [28], it deemed appropriate to test the PA-fiber chemical 
interaction employing a novel technique. It is believed that PA, being an acylating 
agent, can possibly graft reactive carboxylic groups at the fibre surface by N-acylation 
reaction. These reactive groups would offer sites for chemical bonding to produce 
interface coupling between fibre and matrix and improve adhesion. 
The particular anhydride was selected because of being a cyclic anhydride. For 
acylation reaction with an aliphatic acid anhydride, only RCO moiety of the 
anhydride becomes part of the acyl product while the other would form a carboxylic 
acid. However in case of a cyclic anhydride, both "halves" are connected through 
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carbon atoms of the cyclic ring and thus both acyl and carboxylic groups would 
remain part of the final product. This bi-functionality is of great significance for 
additional synthesis or “chemical bridging” at the interface. 
In summary, the Kevlar® aramid fibres have been surface treated chemically 
with phthalic anhydride (PA) solution in order to improve adhesion of the fibre with 
the matrix in fabricated Kevlar-epoxy composites. The results on interlaminar shear 
strength and dynamic mechanical measurements along with the micrographs of 
treated fibre showed significant enhancement in properties. It is evident in SEM 
micrographs that the surface treatment does not cause damage to the fibre. The SEM 
examination and analysis of the fractured surfaces revealed that the surface 
modification improved the adhesion to epoxy resin that clearly lead to cohesive 
fracture as opposed to interfacial failure in the untreated specimen. 
3.2. Experimental Work 
3.2.1. Materials  
Kevlar®49 (finish-free, type 968, den 2160, dtex 2400) were the aramid fibres 
used in this work. Before lab scale chemical treatment, the fibres were cleaned by the 
following sequence: (a) Soxhlet extraction for 24 hours in 1,2 dichloromethane, (b) 
washing with distilled water and (c) overnight drying at 80°C in a vacuum oven. The 
control samples for comparison were fabricated by using as received Kevlar fibres. 
The matrix system chosen was Bakelite® epoxy EPR 05322 blended with hardener 
EPH 778 and catalyst EPC 120; this hot melt resin system was suitable for making 
prepreg on standard prepregging machine. The manufacturer's recommended 
temperature program was followed for resin curing in composite fabrication. The 
reagent grade phthalic anhydride (purity ≥ 97%) purchased from Fluka Chemika was 
used for N-acylation treatment of the aramid fibres. The solvent was redistilled 
ethanol (purity > 99%). 
3.2.2. Differential Scanning Calorimetry (DSC) 
DSC technique was employed to investigate initially the proposed chemical 
interaction of an acid anhydride with Kevlar® aramid fibre. N-acylation reaction by 
the anhydride at the fibre surface might be observed by DSC through associated heat 
effects [61]. The fibres were cut short (3-4 mm) and wetted by phthalic anhydride 
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solution (5% w/v). After drying the solvent at 80°C, the DSC of the reagent coated 
fibre mass was performed under nitrogen flow (20 ml / min) in a Perkin-Elmer (model 
DSC 7, physical series) differential scanning calorimeter, from room temperature to 
150°C at heating rate of 5°C/min. For comparison, DSC of the neat fibres and 
phthalic anhydride was also performed separately with similar programmed 
parameters. 
3.2.3. Chemical Treatment of Fibres 
Based upon the results of DSC measurements, parameters for the surface 
treatment of fibres were selected. The fibres were preheated to 130°C for 10-12 min 
to get rid of adsorbed gases, moisture and any organic contamination. The preheating 
step did not cause any detectable change in surface topography or strength of the 
fibres. The fibres tow was thoroughly impregnated by passing slowly through the 
anhydride solution bath (6% w/v). The wet fibres were collected in a glass petri dish 
and placed in an oven for 30 min at 145°C. Later, the effect of solution concentration 
and treatment time on measured interfacial shear strength in model aramid-epoxy 
composites was established and the parameters were optimised. When 
Figure 3.1: (a) Schematic of chemical treatment of fibres using a laboratory machine, (b) proposed 
reaction, pendent carboxylic groups may be created by N-acylation reaction at accessible amide 
hydrogen atoms on fibre surface 
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 treated fibres were required in sufficient quantity for making unidirectional laminates 
for mechanical testing, the treatment was performed on a laboratory pre-impregnation 
machine at a line speed of 1m/min. The schematic illustration of the process is 
provided in Figure 3.1. 
3.2.4. Characterization 
After chemical treatment of the fibres, the effect on surface and mechanical 
properties of fibres was analysed by various techniques. FTIR and XPS were used to 
study chemical changes at the surface. FTIR was performed on a Perkin Elmer 
spectrum-1000 spectrophotometer; finely divided fibres were mixed with KBr and the 
spectra were recorded in transmission mode, accumulating 256 scans for each sample. 
XPS was performed on a K-Alpha instrument equipped with a monochromatic AlKα 
source (Thermo Scientific, East Grinstead, UK). For survey scans, pass energy of 200 
eV and a step size of 1.0 eV was used; high resolution spectra were recorded using 
pass energy of 40 eV and a step size of 0.1 eV. CasaXPS™ software was used to 
perform peak fitting to high resolution C1s XPS spectra. The fibres mechanical 
properties before and after treatment were tested by dry bundle (tow) test according to 
ASTM D885. The fibre bundles (tow) were loaded to the fibre/yarn grips of the 
tensile testing machine (INSTRON, model 5582) with a gauge length (length of 
thread between grips) of 10 inch (25.4 cm). The tows were tensile tested to break at 
the test speed of 12 inch/min; 06 samples were tested in each case. 
3.2.5. Testing of Fibre-Matrix Adhesion 
The effect of surface treatment on fibres' adhesion characteristics was 
determined using a multifilament (fibre bundle) pull-out test [49]. This test was 
imitated from more accurate single-filament pull-out test to work on more convenient 
macro scale. The strand of aramid yarn (dtex 2400) was twisted @ 1 turn/cm and the 
twisted bundle was threaded by maintaining a pre-tension of about 2 N through a hole 
(8 mm in diameter) in a metal plate provided with a 2mm thick silicon rubber sheet at 
its bottom. Due to the combined effect of twist and pre-tension, the bundle took the 
shape of a tightly packed, almost circular thread with an average diameter (d) of 0.55 
± 0.01 mm. The diameter was exactly measured for each fibre bundle and a 3-3.5 mm 
thick layer (l) of epoxy was cast into the hole; the protruding bundle below the rubber 
was also impregnated with epoxy. After curing, the bundle was cut off just above the 
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resin and the impregnated strand was pulled out with a tensile tester while holding 
epoxy disc in a suitable fixture. An average bundle pull-out shear strength (BPS) was 
calculated as the pull-out force F divided by the interfacial area (π*d*l). 
3.2.6. Fabrication and Mechanical Testing of Unidirectional Composite  
Unidirectional composite panels of 0° orientation were fabricated using both 
untreated (control) and surface treated fibres for comparative testing. Both types of 
fibre tows were first impregnated with the hot melt epoxy resin on a laboratory scale 
prepregging machine to form unidirectional prepreg. Extreme care was taken to 
maintain exactly same machine parameters in each run so as to achieve uniform resin 
loading on each tow. The resin contents of the unidirectional prepreg were 30-33% in 
all cases. The prepreg were cut and manually stacked on flat plates to prepare 
unidirectional [0°]4, [0°]12 and [0°] 24 composite panels which were subsequently cured 
in an autoclave at 6 bar pressure with recommended cure cycle using standard 
vacuum bagging technique. The unidirectional composite panels (180mm x 180mm) 
so prepared from both control and treated fibres had final thicknesses 1.0±0.1 mm, 
3.0±0.1mm and 6.0±0.1mm. Specimens of required dimensions for mechanical testing 
and dynamic mechanical analysis were cut from the panels using laser cutting 
technique. All mechanical tests were performed on INSTRON (model 5582) universal 
testing machine.  
Flexural tests were performed by three points bending according to ASTM 
D790-03 at a test speed of 2.8 mm/sec. Specimen dimensions were 130 mm x 12.7 
mm x 3 mm and a support span to thickness ratio 32:1was employed. The 
interlaminar shear strength of the composites was measured by short beam shear 
method according to ASTM D2344M-00 with specimen dimensions 40 mm x 12.7 
mm x 6 mm and support span to thickness ratio 4. Dynamic mechanical tests were 
performed in bending mode on Perkin Elmer “Pyris-Diamond” DMA. Specimens of 
dimensions 50 mm x 10 mm x 1 mm were subjected to forced vibrations at 1 Hz 
frequency in a temperature sweep from 20 to 160°C with an increment of 2°C/min, 
recording the "storage modulus", "loss modulus" and "tan delta" values. 
 
48 
3.2.7.  Scanning Electron Microscopy (SEM) of Fibres and Fractured Surfaces 
of Composites 
In order to observe changes in fibre surface topography and interfacial 
character of the composites, the gold-sputtered surfaces of the virgin and treated 
fibres and cut / fractured surfaces of the composites made with control and treated 
fibres were examined under SEM (Jeol JSM-6510) at different magnifications. A 
slight increase in fibre surface roughness as a result of chemical treatment might be 
valuable for enhancing mechanical anchoring contribution to the measured adhesion. 
However, large scale damage to the fibres morphology was undesirable as it would 
have compromised strength of the fibres.  
3.3. Results and Discussion 
3.3.1. Aramid Surface - Anhydride Interaction 
Figure 3.2(A) shows DSC plots of neat and anhydride reagent coated Kevlar® 
49 aramid fibres (plot a and b respectively) whereas figure 3.2(B) displays DSC plot 
of anhydride reagent only. A strong exothermic event at about140°C was observed in 
the DSC of anhydride coated fibres sample which might be associated to the surface 
interaction of aramid fibre with the anhydride reagent, as similar event was not  
 
 
 
 
 
 
 
 
Figure 3.2: (A) DSC plots of neat and anhydride reagent coated Kevlar® 49 aramid fibres (plot a 
and b respectively) (B) DSC plot of phthalic anhydride reagent, melting at 133.7 °C is the only 
endothermic transition observed in the scan  
(A) (B) 
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observed for neat fibres. The reagent also did not show any exothermic transition in 
the scanned temperature range, the only endothermic transition observed in DSC scan 
was the melting at 133.7°C. Thus, it suggested that N-acylation reaction of the 
anhydride at aramid surface was taking place as anticipated, though doubts remained 
until FTIR and XPS confirmed the proposed interaction.  
Figure 3.3 displays the stack of the FTIR spectra: spectrum (a) is for phthalic 
anhydride, (b) neat Kevlar®49, (c) Kevlar-anhydride mix spectrum wherein the fibre 
cuttings were soaked with anhydride solution and spectrum was recorded after the 
solvent had dried at 80°C for 15 minutes, and (d) of the same mix as (c) after heating 
at 145°C for 30 minutes. Table 3.1 lists absorption frequencies associated with 
important functional groups/ classes as observed in these spectra. 
The chemical structure of aramid fibres is made up of long synthetic 
polyamide chains wherein amide groups (–CO–NH–) are mostly linked straight to  
1537 
Figure 3.3: FTIR spectra: (a) phthalic anhydride, (b) neat Kevlar, (c) Kevlar-
anhydride mix before heating to final reaction temperature and (d) Kevlar-anhydride 
mix after heating at final reaction temperature 
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 Table 3.1: Absorption frequencies associated with important functional groups/ classes as found in 
spectra of Kevlar, phthalic anhydride and anhydride treated Kevlar 
 s=strong, m=medium, w=weak, b=broad, v=very 
two aromatic rings. Thus the characteristic feature of aramids for IR spectroscopic 
investigation is secondary amide linkages. The spectrum of neat Kevlar ((b) in Figure 
3.3) shows all the characteristic absorptions of this functionality. The N-H stretching 
absorption appears as broad and split band at 3417 cm-1. The splitting of this band is 
attributed to the presence of cis and trans rotational isomers. The peak at 2923 cm-1 is 
assigned to the aromatic C-H stretch. The peaks at 1643 cm-1 and 1537 cm-1 are 
characteristic amide peaks and assigned respectively to C=O stretching (Amide I 
band) and N-H bending coupled with C-N stretch (Amide II band). The peak at 1303 
cm-1 is also the characteristic amide peak (Amide III band), though assignment is not 
Material / 
Compound 
Group or 
Class 
Frequency 
(cm-1) 
 
Characteristic 
Range (cm-1) 
and 
intensity[62] 
Assignment and Remarks 
Kevlar 
 
Secondary 
Amide 
─CONHR 
 
 
3417 
 
 
2923 
1643 
1537 
 
 
1303 
 
821 
 
 
3440-3420 
(vs*) 
 
3100-3000 (m) 
1680-1640 (vs) 
1560-1530 (vs) 
 
 
1310-1290 (m) 
 
810- 840 (vs) 
 
 
N─H stretch; split band due 
to cis and trans rotational 
isomers 
Aromatic C─H stretch 
C=O stretch (Amide І band) 
N─H bending coupled with 
C─N stretching(Amide II 
band), 
Assignment uncertain (Amide 
III band) 
C─H out of plane 
deformation, characteristic of 
p-disubstituted aromatics 
Phthalic 
Anhydride 
 
Anhydride 
─CO 
O 
─CO 
 
1851 
1763 
1258 
 
 
1850-1780 (s)  
1770-1710 (s) 
1300-1200 (s) 
 
 
C=O antisymmetric stretch  
C=O symmetric stretch 
C─O─C stretch (higher in 
cyclic anhydrides) 
Anhydride 
treated 
Kevlar 
  
2855 
 
1450 
 
3300-2500 (b) 
 
1440-1395 (w) 
 
O―H stretching (strongly 
hydrogen bonded) 
Coupled C―O stretching 
and O―H in-plane 
deformation 
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certain. The band at 821 cm-1 is the C-H out of plane deformation absorption, a 
characteristic of para-disubstituted aromatics [25]. 
The spectrum of phthalic anhydride ((a) in Figure 3.3) exhibits characteristics 
anhydride bands. Anhydrides show two strong absorption peaks towards the higher 
frequency end of carbonyl range which are assigned to antisymmetric C=O stretch 
(characteristic range 1780 -1850 cm-1) and symmetric C=O stretch (characteristic 
range 1710 -1780 cm-1). These two bands in phthalic anhydride spectrum can be 
recognized at 1851 cm-1and 1763 cm-1 respectively. In cyclic anhydrides, the lower 
frequency band is always stronger of the two. The strong peak at 1258 cm-1 is 
assigned to C-O-C stretching vibration; the characteristic range of this absorption in 
anhydrides is 1200 -1300 cm-1 wherein the cyclic anhydrides show absorption near 
higher frequency end [25]. 
The two characteristic anhydride bands can also be identified at 1709 cm-1 and 
1285 cm-1 in the spectrum of anhydride mixed Kevlar ((c) in Figure 3.3) before 
heating; the bands have shifted slightly due to a different chemical environment. 
However, these characteristic anhydride bands disappeared in the final spectrum ((d) 
in Figure 3.3) recorded after heating anhydride mixed Kevlar for 30 minutes at 145°C. 
This indicates that the anhydride functionalities have consumed in the usual ring 
opening acylation reaction of anhydride (with aramid surface functionalities in present 
case). Thus the findings of separate DSC and FTIR studies are in line and support 
each other. 
The final spectrum (d) presents numerous positive indications of the suggested 
aramid-anhydride interaction. The aromatic C–H stretching peak at 2917 cm-1 has 
been intensified most likely due to the enhanced concentration of similar groups 
contributed by anhydride moiety. The ring opening N-acylation reaction of the 
anhydride at aramid surface would have consumed surface N-H functionalities and 
added pendent carboxylic acid groups. It is apparent that N-H peak at 1537 cm-1 in 
neat Kevlar spectrum is significantly weakened in spectrum (d) after surface 
treatment. Carboxylic acids exhibit a characteristic broad peak due to hydrogen 
bonded OH groups, which may extend from 3400 to 2500 cm-1 [25]. However, the 
presence of other strong absorptions in this region may cover the characteristic 
broadness of the carboxylic peak. In case of hexanoic acid, for example, maximum 
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intensity of the carboxylic peak exists around 2800 cm-1 [25], however the broadness 
of the peak is masked by strong aliphatic C-H stretching which has intensity maxima 
in the same spectral region. In present case, both strong N-H and C-H (aromatic) 
stretching absorptions lie in this region and would have been masked carboxylic peak 
broadness. Thus we attributed the peak at 2855 cm-1 that appeared after treatment to 
the pendant carboxylic groups. A weak absorption that appeared in the final spectrum 
at 1450 cm-1 supports this argument, as coupled O―H deformation (in plane) and 
C―O stretching vibrations in carboxylic acids absorb weakly in this spectral region 
[25]. 
The direct evidence of the suggested interaction came from XPS. The high 
resolution C1s spectra of neat and treated Kevlar fibres are given in figure 3.4. The 
difference in the two spectra is quite vivid. The C1s envelope in neat Kevlar high 
resolution spectrum has been fitted to four components peak model, in accordance 
with the four carbon environments in the repeat structure. The peaks at binding energy 
(BE) 284.63 eV, 285.48 eV, 286.12 eV and 287.80 eV have been assigned to C-C/C-
H, C-C=O, C-N and CONH (amide) groups respectively. Few studies [10, 63] have 
added an additional peak in the model at higher binding energy which corresponds to 
COOH groups (~288.6) with a view point that some of the amide groups might be 
hydrolysed already. However we did not find any such observation from our data, and 
therefore the model has been fitted according to the inherent chemical structure of the 
fibre. The suggested interaction would have resulted in creation of N-C=O and -
COOH type bonds as a result of N-acylation reaction of anhydride at amide 
functionalities present at the fibre surface. The two additional component peaks 
appeared at higher BE end in the C1s spectrum of treated fibres; the peaks at BEs 
288.6 eV and 289.9 eV have been assigned to -COOH and -N-C=O type bonds [64, 
65] generated as a result of the suggested reaction. The third peak, further towards 
higher BE, may be a shake-up peak. In addition to well defined transitions resulting in 
primary peaks, the secondary absorption modes sometimes result in ejection of low 
energy electrons that appear at higher BE as tail to a primary peak [66]. The 
component peak at ~ 287.6 eV representing carbonyl and amide surface 
functionalities strengthened due to the addition of more carbonyl functionalities 
contributed by the adhering specie. Thus this concludes that the surface reaction of the  
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anhydride functionalised the fibre surface and the surface was richer in oxygen 
containing polar functional groups, when compared to the untreated counterpart. 
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Figure 3.4: C1s high resolution XPS spectrum of (a) neat Kevlar® and (b) anhydride 
treated Kevlar® fibre 
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3.3.2. Effect of Chemical Treatment on Fibre Properties 
The SEM micrographs of Kevlar®49 monofilaments before and after 
chemical treatment are shown in figure 3.5. As evident from the micrographs, the 
treated fibres have slightly roughened surfaces as compared to the untreated fibres. 
However, the treatment has not caused any significant damage to the fibres which 
may be attributed to the mildness of the reagent and reaction conditions (i.e. short 
exposure time). So it may be anticipated that mechanical properties of the fibres have 
not affected considerably by the anhydride surface treatment. The randomly 
distributed spots at fibres' surfaces as seen in micrographs of treated fibres may be the 
chemical residue left over after solvent washing. The results on tensile measurement 
of fibres before and after chemical treatment have been summarised in table 3.2. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5: SEM micrographs of “as received” (a & b), and acid anhydride treated (c & d) 
Kevlar fibre 
a b 
c d 
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Table 3.2: Tensile properties of Kevlar®49 aramid fibres before and after anhydride 
treatment 
Fibre  Maximum 
load (N) * 
Tenacity 
(N/tex) 
Percentage 
strength 
retention  
    
As received 
Kevlar®49 
416 ± 8 1.73 
― 
Phthalic anhydride 
treated (lab scale)# 
404 ±12 1.68 97.11% 
Phthalic anhydride 
treated (continuous 
yarn on laboratory 
machine )## 
408 ±11 1.70 98.27% 
    
 
 
3.3.3. Interfacial Shear Strength and Composite Mechanical Properties 
The adhesion characteristics of control (i.e. untreated) and anhydride treated 
Kevlar aramid fibres to an epoxy resin, in terms of interfacial shear strength (IFSS), 
were compared by using fibre-bundle pull out method employing model composites. 
This technique is considered less accurate than classical microbond or fragmentation 
technique, mainly because of the uncertainty in measuring accurately the bundle 
diameter, embedded length (and thus the interfacial area) and the state of stress. The 
more reliable micro techniques could not be employed because of the unavailability of 
appropriate equipment. For fibre-bundle pull out test, we adopted the method of 
Elkink and Quaijtaal [49] as it had been used previously in similar studies [23] and the 
results could be compared quantitatively. The procedure has been outlined in section 
3.2.5. 
The effect of solution concentration and hold up time at reaction temperature 
of 145°C on interfacial shear strength in model epoxy composite was studied; the data 
is presented in figure 3.6. The results showed saturation in average IFSS value around 
42 MPa that may be attributed to the particular chemical nature of the fibre surface. 
Aromatic amide functionalities of aramid surface are relatively stable and inert, and 
only a limited fractions of those is available for reaction due to steric hindrance [67].  
*variations expressed as standard deviation from the mean 
#Fibre preheating: 130±2 °C, Anhydride solution: 6% w/v, Final treatment: 30 min at 145±2 °C 
## Fibre preheating: 130±2 °C, Anhydride solution: 6% w/v, Final treatment: @ 1m/min 
(residence time 8 min) at 145±2 °C 
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All subsequent treatments were made using optimum parameters: a solution 
concentration of 6% w/v and a reaction time of 8 minutes at 145°C. 
Table 3.3 summarises the results of interfacial adhesion and mechanical tests, 
performed respectively on model and unidirectional aramid-epoxy composites 
containing "as received" and anhydride treated Kevlar® 49 aramid fibres. A 20.93% 
increase in interfacial shear strength (IFSS) in model composites whereas a 16% 
increase in interlaminar shear strength (ILSS) of unidirectional composites containing 
treated fibres was recorded. This may be attributed to the strong chemical interaction, 
as expected, between matrix and the reactive pendent functional groups present at the 
surface of treated fibres. 
The composites containing anhydride treated Kevlar® aramid fibres showed a 
slight decrease in flexural strength when compared to the counterparts containing "as 
received" fibres. The longitudinal flexural strength is not very sensitive to the 
moderate level changes in fibre-matrix adhesion strength in unidirectional composites. 
Drzal et al. [50] observed that a low to intermediate level increase in IFSS did not 
alter significantly the "on-axis" flexural properties in carbon fibres-epoxy 
unidirectional composite. Improvement was noticed in both the flexural stiffness and 
strength when the IFSS was increased from the intermediate to the highest levels 
which was explained in term of the change in failure mode as the level of adhesion 
 
Figure 3.6: Effect of solution concentration and reaction time on interfacial shear strength in model 
epoxy composites (bundle pull-out method) 
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Table 3.3: Interfacial shear strength, IFSS (in model epoxy composites), flexural and short beam 
shear strength (in unidirectional epoxy composites) with "as received" and treated fibres 
a. Deviations from the mean are expressed as "standard deviation" 
b. Successful debonds in each case are represented by numbers in parentheses  
# Mean value of six samples, fibre volume fraction in unidirectional composite  70% 
 
was changed. A slight decrease in flexure strength was also observed in certain cases 
although the adhesion level was moderately enhanced. It was attributed to the fact that 
a relatively stronger interface enhanced the efficiency of stress transfer so that the 
local stresses might have reached the ultimate strength at relatively lower overall 
flexural stress. Thus our results are in line with the previously reported trends. 
The average interfacial shear strength, 34.6±3.7 MPa, recorded for control 
samples containing "as received fibres" is slightly different from the previously 
reported values. Biro et al. [68] used micro-bond technique and found the average 
interfacial shear strength for acetone washed Kevlar®49 aramid fibres and Epon828 
epoxy to be 32.8 MPa. Mercx [23], using bundle pull-out method, measured an 
average value of 28.3 MPa for dichloromethane rinsed Twaron aramid fibres (D1000) 
with an epoxy resin. A higher value of 38 MPa, derived from micro-bond tests on 
Kevlar 49-Epon828 epoxy model composites, was reported by Miller et al. [46]. Thus 
the difference is related most probably to the different epoxy system used in present 
studies, the inherent high scatter in pull-out test data and the fact that we employed 
"as received" fibres without solvent washing. However, since we have used a relative 
approach where the control samples serve as the internal standard for all 
measurements, a valid comparison is possible. 
3.3.4. Dynamic Mechanical and Thermal Analysis (DMTA) 
Rheology is the science of deformation and flow. Dynamic Mechanical and 
Thermal Analysis (DMTA), which is another name for Dynamic Mechanical  
Fibre IFSS 
(MPa)a,b 
Flexural 
strength 
(MPa)a,# 
Short beam  
Shear strength 
(MPa)a,# 
Kevlar®49, as received 34.4 ± 3.7(17) 498.45 ± 6.83 42.36 ± 3.44 
Kevlar®49, anhydride 
treated 
41.6 ± 4.2(22) 494.26 ± 7.2 48.69 ± 3.67 
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Rheological Testing (DMRT), characterizes a viscoelastic material in terms of its 
modulus, elasticity, viscosity, damping behaviour, glass transition temperature, and 
the changes in the values of these parameters with strain, strain rate, temperature, and 
oscillatory frequency. 
Figure 3.7 (a) and (b) show the results of DMTA thermal scans from room 
temperature to 150°C at 1Hz frequency for control and treated fibres' composites 
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Figure 3.7: DMTA thermal scans from room temperature to 150°C at 1Hz frequency in bending 
mode recording storage modulus (E'), loss modulus (E") and tanD for composites – (a) control 
sample containing untreated Kevlar®49 fibres in epoxy resin (b) sample containing anhydride- 
treated Kevlar®49 fibres in epoxy resin; the fibre orientation in both samples is 0° with respect 
to the sample length 
a 
b 
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respectively, wherein the storage modulus (E'), loss modulus (E") and tanD are 
plotted against temperature in each case. The corresponding plots for control and 
treated fibre composites have also been overlaid in Figure 3.8 for easy comparison. 
The values of both the storage modulus (E') and loss modulus (E") for composite 
specimen containing treated fibres, over the range of temperature investigated, are 
substantially higher than those of the control sample; especially a significant increase 
in storage modulus in treated composite is recorded. The higher value of storage 
modulus in case of treated sample may be attributed to the improved fibre-matrix 
interfacial strength. The strong interfacial interactions between matrix and 
reinforcement phase results in reduced mobility / sliding of molecular chains which 
alters the viscoelastic response of the composite and enhances storage modulus [22].  
Generally, a stronger interface is expected to accompany a lower tanD value 
and a higher glass transition temperature due to the reduce friction at the interface and 
the restricted molecular chain mobility respectively [22, 69]. In present study, 
however, somewhat different trends have been observed. The tanD value for the 
Figure 3.8: The overlaid DMTA plots for control and treated fibre composites (data is same as 
presented in figure 3.7) 
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composite containing treated fibres is slightly higher than the control sample, though 
the stronger interface has been clearly demonstrated on macroscopic scale in treated 
samples by enhanced IFSS, ILSS, and storage modulus, and also in SEM micrographs 
of fractured samples shown in next section. The observed trends may be attributed to 
the response of the composite to a non-uniform surface treatment of fibres on 
microscopic scale.  
A possible explanation may be that there are both strongly and loosely bound 
interfacial regions along the fibre surface due to an uneven surface treatment, which is 
likely to be happened partly due to the particular inert nature of the aramid surface as 
discussed in section 3.3.3, and partly to the mild nature of the treatment. The non 
uniform fibre-matrix adhesion may cause in-homogeneous stress distribution under 
dynamic loading condition and a concomitant modulus change at every point along 
the fibre axis. It has been demonstrated in a previous study [13] that stress 
concentrates at the point of maximum change in modulus. The enhanced stress 
concentration due to the modulus gradient effect and the resulting stress wave may 
cause a loosely bound region to debond or a crack to grow in an already delaminated 
region (Griffith-Irwin criterion) during a dynamic load test. The relative motion of 
delaminated regions may cause friction and enhanced energy dissipation in a dynamic 
test that would be observed as an increased loss modulus and tanD value. The 
lowering in the Tg,
 differing to the usual trends, is also explained by this reasoning. A 
homogeneous treatment may eliminate this localized effect and thus signifies the need 
for further optimization of the anhydride surface treatment. However, the effect may 
be beneficial for simultaneous enhancement of strength and fracture toughness, as it is 
analogous to the intermittent bonding concept [70] where strongly and loosely bound 
regions are created deliberately to enhance simultaneously the strength and fracture 
toughness of a composite. 
3.3.5. SEM Examination and Analysis of Fractured Surfaces 
Figure 3.9 represents the morphology of longitudinal sections of the 
composites fabricated by using the virgin and phthalic anhydride treated fibres. The 
difference in the morphology is quite vivid. Figure 3.9 (a) shows array of clean fibres 
that have been separated from the host matrix as a result of weak interfacial bonding.  
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Such type of fracture is termed as interfacial failure, representative of a weak 
interface. Figure 3.9 (b) shows tight packing of fibres that are not only covered by the 
host matrix layer, but also securely lodged in the matrix structure, with fragments of 
matrix material left on the surface of the fibres following laser cutting. This type of 
fracture is termed as cohesive fracture that indicates superior fibre matrix bonding.  
SEM records similar observations for the specimens subjected to interlaminar shear 
test, Figure 3.10 (a) and (b). Again considerable deformation and crazing is evident in 
the treated composite, which lead to a greater energy absorption during the shear 
mode of deformation. Cohesive fracture as opposed to interfacial failure is obvious.  
 
 
 
 
 
Figure 3.9: SEM micrographs of longitudinal section of (a) control sample containing untreated fibres (b) 
sample containing treated fibres 
(b) 
(b) 
Figure 3.10: SEM micrographs of delaminated surface in ILSS testing (a) control sample 
containing untreated fibres (b) sample containing treated fibres 
(a) 
(a) 
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The SEM micrographs of the fractured edges in three point bending are 
presented in Figure 3.11 (a) and (b). Bare fibres delamination and pull out is observed 
for the untreated specimen. In contrast, the treated fibres in Figure 3.11(b) seem to be 
snuggled in the matrix structure, indicating a strong interface. Some of the energy 
adsorption leads to deformation stresses resulting in flattening of the fibres as seen in 
Figure 3.11(b). These results corroborate well with the mechanical testing where 
substantial improvement in the interlaminar shear strength is recorded. 
SEM for the laser cut sections, delaminated surfaces in ILSS testing and 
fractured flexural specimens clearly demonstrate that cohesive fracture is obtained for 
the modified composite. Weak interface in the virgin composite on the other hand is 
illustrated by interfacial failure with exposed fibers following fracture. SEM is quite 
consistent in revealing the two modes for all the three tests conducted. These 
observations throw light on the nature of the interface obtained and corroborate well 
with the results of mechanical testing. 
3.4. Conclusions 
Aramid fibre Kevlar®49 has been surface activated via N-acylation reaction at 
surface amide groups by an acid anhydride (phthalic anhydride). It has been shown 
that this mild surface treatment does not degrade tensile strength of the fibre to a 
significant level; the strength loss is only 2.89% on the average. The occurrence of 
surface activation reaction, indicated in DSC by an exothermic event, has been 
confirmed by FTIR spectroscopy and XPS of treated fibres. The FTIR spectroscopy 
(b) (a) 
Figure 3.11:SEM micrographs of fractured edge in flexure testing (a) control sample 
containing untreated fibres (b) sample containing treated fibres 
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indicated N-acylation at aramid surface by significant weakening of N-H peak at 1537 
cm-1 in neat Kevlar spectrum, whereas XPS confirmed it as two additional component 
peaks appeared at higher BE end in the C1s spectra of treated fibres. The anhydride 
surface treatment of Kevlar®49 aramid fibre introduces pendent carboxylic groups on 
the fibre surface. The treatment enhances interfacial shear strength (IFSS) of the 
surface activated fibre with epoxy by 20.93% on the average. However, there is 
saturation in IFSS around 42 MPa, an indicative of the limited accessibility of the 
amide surface groups for activation reaction. The improved interfacial adhesion of 
surface treated fibres with the matrix has also been demonstrated in short beam shear 
strength of the unidirectional Kevlar-epoxy laminate which is improved up to 16%. 
The flexural strength of the unidirectional Kevlar-epoxy composite is not much 
responsive to the moderate change in adhesion level; rather it may decrease slightly 
due to the enhanced efficiency of the stress transfer at the interface. This result is in 
agreement to the previously reported trends. The SEM of fractured surfaces clearly 
shows cohesive fracture in anhydride treated Kevlar fibres composite, whereas 
interfacial failure is the dominated failure mode in the control samples containing as 
received fibres. The storage modulus of the composite containing surface active fibres 
is substantially higher than the control sample, attributed to the better interfacial 
adhesion between the fibre and matrix. The characteristic inert nature of the fibre 
surface may result in partial surface treatment of the Kevlar®49 aramid fibres which 
may be reflected by an increased loss modulus in DMTA analysis. The chemical 
surface activation of Kevlar®49 aramid fibres developed in this study can be scaled 
up easily, as demonstrated by the treatment of fibres on laboratory prepregging 
machine.  
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Chapter 4 
4. Aramid Fibre-Graphene Oxide 
Multiscale Reinforcement 
In recent years, graphene /graphene oxide (GO) – a two dimensional 
nano material derived from graphite by oxidation and/or exfoliation of its 
layers – has shown great promise as nano reinforcement in polymer 
composites, and for tailoring interphases. In a novel approach, we have 
tailored the interphase in aramid-epoxy model composites by chemically 
grafting GO on functionalized surface of aramid fibres and studied the effect 
on interfacial shear property. In addition to improving fibre-matrix adhesion, 
the approach has exhibited the potential of simultaneously improving the fibre 
strength, a feature which may be beneficial for improving properties of the 
existing materials. 
4.1.  Introduction 
4.1.1. Multiscale Reinforcement for Fibre Reinforced Polymer Composites 
In fibre reinforced polymer composites, fibres of high strength and high 
modulus are embedded in (polymeric) matrix which provide the composites their 
desired load bearing capabilities in principle stress direction(s), that's why the term 
'reinforcement' is commonly used for these fibres. The reinforcement fibres mostly 
used in commercial applications include various grades/types of glass, carbon and 
aramid fibres. The other types of fibres such as boron, silicon carbide and alumina 
find limited applications, mostly in metal matrix composites. 
 In recent years, the properties of conventional fibre reinforced composites 
have been improved by the addition of a secondary reinforcement phase such as 
carbon nanotubes and/or graphene which have nano scale dimensions and high aspect 
ratios [71, 72]. The composites thus produced are called multiscale reinforcement 
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composites. In such composites, the conventional reinforcement fibres act as the 
major load bearing component in in-plane direction whereas the nano phase, used 
only in a small amount (0.1- 2.5%), improves through thickness performance and 
other resin dominated properties. 
 Recent trend in multiscale composite research often takes inspiration from 
nature which offers numerous examples of fascinating composites that have multiple 
levels of reinforcement. Bone is an excellent example of multiscale composite 
wherein the structure is made up of a hierarchical arrangement of macro, micro and 
nano features that impart it high stiffness along with high toughness, a unique 
combination of properties. In synthetic world, the approach of multiscale 
reinforcement can be employed to impart multifunctionality to existing composites by 
tailoring thermo-mechanical properties, electrical and thermal conductivity and 
thermal expansion behaviour. There may be many ways to use the concept of 
multiscale reinforcement. One of the dimensions is to tailor the interface region by 
using nano scale materials and features. The following section provides literature 
review on the subject. 
4.1.2. Literature Review 
In recent years a lot of research efforts have been devoted to the development 
and study of multiscale reinforcements in various perspectives. However, most of the 
work has been carried out with CNTs, mostly in a view to enhance out-of-plane 
performance of the composite.  
Thostenson et. al [73] produced multiscale reinforcement by growing carbon 
nanotubes directly on carbon fibres using CVD technique where each carbon fibre 
was surrounded by a sheath of nano reinforcement. The effect of local nanotubes 
reinforcement on load transfer at fibre-matrix interface was studied using fibre 
fragmentation technique. The improved interfacial load transfer was attributed to the 
selective reinforcement by nanotubes at fibre matrix interface resulting in local 
stiffening of matrix near the interface. In a different approach, X. He et. al [74] 
prepared CNTs/carbon fibre multiscale reinforcement (MSR) by grafting end capes-
functionalized multiwall carbon nanotubes (MWCNTs) on the activated surfaces of 
the carbon fibres. They studied surface elemental composition, surface functional 
groups and morphology of the MSR by XPS and SEM. The XPS analysis suggested 
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that MWCNTs were covalently grafted on fibre surface. The grafting increased the 
weight of carbon fibres by 1.2%, indicating that nanotubes were grafted in a 
significant quantity. 
Bekyarova et al. [71] utilized electrophoresis technique to selectively deposit 
and distribute acid functionalized single- and multi-wall carbon nanotubes on to the 
woven carbon fabric and into the fibre bundles. Multiscale hybrid composites were 
then fabricated using CNTs coated fabric panels and epoxy resin by vacuum assisted 
resin transfer moulding (VARTM) technique. The CNTs were completely 
incorporated into the fibre bundles and matrix-rich regions between the woven 
bundles. The CNTs-carbon fabric-epoxy composites exhibited 30% improvement in 
the interlaminar shear strength as compared to the composites without CNTs. The 
multiscale reinforcement also significantly improved out-of-plane electrical 
conductivity of the composite.  
Qiu et al.[72] fabricated CNTs-glass fabric-epoxy multiscale multifunctional 
composite by an improved vacuum assisted resin transfer moulding technique using 
both pristine and acid functionalized multi-walled carbon nanotubes. By an 
infiltration based process, they achieved good ''inter-tow'' and ''intra-tow'' distribution 
of CNTs which resulted in particularly effective improvement in through-thickness 
mechanical properties of the multifunctional composite without sacrificing in-plane 
properties. While the desired improvement in thermal conductivity was achieved, the 
coefficient of thermal expansion (CTE) of multiscale composite was reduced by 
25.2% as compared to conventional glass fibre- epoxy composite. 
Guo and Lu [75] recently developed a simple and continuous electrophoretic 
process for the deposition of carbon nanotubes onto the surface of carbon fibre tows 
which provided industrial potential for preparing a multiscale carbon nanotube-carbon 
fibre reinforcement. The resulting materials showed a uniform distribution of carbon 
nanotubes on the fibre surface.  
Many research efforts have been devoted for the development of aramid 
multiscale reinforcement. As a proof-of -concept that aramid fibre can be reinforced 
by incorporating CNTs by wet spinning of aramid-CNTs dopes from acid solution, 
O’Connor et al [76] prepared Kevlar®-CNTs composite fibre by swelling 
commercially available Kevlar® 129 fibres in suspensions of nanotubes in the solvent 
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N-methylpyrrolidone (NMP). They observed a nanotube uptake of up to 4 wt%, 
resulting in a considerable mechanical enhancement of the fibres, though a significant 
quantity of nanotubes lost in subsequent wash cycles due to the weak adhesion. A 
web-like deposit of carbon nanotubes on fibre surface was also observed, indicating 
the possibility of enhanced surface activity of fibres as copious polar groups on open 
ends of nanotubes might result in strong adhesion with matrices during composite 
fabrication. 
In a recent approach, Chen et al. reported an efficient method to produce 
multiscale Kevlar®-CNTs reinforcement by grafting carbon nanotubes (CNTs) on 
Kevlar® fibre surface which increased the strength of Kevlar® fibre by 12% [15]. 
Pendant amine groups were created on fibre surface by the catalytic reaction of 
Hexamethylene diisocyanate followed by chemical grafting of COCl-functionalized 
multiwall carbon nanotubes. This approach proved advantageous by simultaneously 
improving mechanical performance and surface activity. The nanostructured interface 
created by the grafted carbon nanotubes enhanced the interlaminar strength in 
modified fibre-Bismaleimide composite by 30%. However, cylindrical geometry and 
entanglement of tubes forming the bundles makes it difficult to uniformly distribute 
nanotubes along fibre surface. 
Xiang et al.[77] prepared electrically conductive Kevlar® fibres by layer by 
layer spray coating on fibre, in turn with CNTs and graphene nano-ribbons. An 
interface adhesive layer of polyurethane was applied to bond strongly the conductive 
carbon materials on to the fibre surface. The fibres coated with single-wall carbon 
nano tubes showed remarkably higher electrical conductivity (65 S/cm) which was 
suitable for many electrical applications and remained stable after many bending and 
water wash cycles. The knot efficiency of the fabricated fibres was many time higher 
than commercial carbon fibres previously used in similar applications. The flexible 
conductive Kevlar® fibres can be used as conductive wires in wearable electronics and 
battery heated armours.  
The cited studies, and of course many more, mostly focused on carbon 
nanotubes as nano phase for the development of multiscale reinforcements. Carbon 
nanotubes (CNTs) exhibit extraordinary properties and demonstrate great potential in 
enhancing out-of-plane properties of conventional polymer composites and providing 
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functionality. However, current manufacturing challenges, difficulties associated with 
up-scaling of laboratory methods and the higher costs of CNTs hamper the realization 
of their potential. There are other nano materials, particularly graphene and graphene 
oxide, which are being explored in similar context. A mix of graphene with CNTs has 
also been studied as nanofiller. For example, in an effort to prepare super tough 
multiscale polymer fibres, Shin et al [78] reported synergistic toughening of 
composite fibres by self alignment of reduced graphene oxide flakes (RGOFs) and 
single-wall carbon nanotubes (SWCNTs) for an optimal proportion of the two carbon 
nano-phases. The toughness of PVA/RGOF/CNT fibres thus produced approached 
1000 J g-1, exceeding previously reported highest toughness values for hybrid fibres. 
The dramatic increase in toughness for reported conditions was linked to (a) the 
formation of interconnected networks of aligned RGOFs and CNTs, and (b) the 
micro- structural design of the fibre.  
4.1.3. Graphene and Graphene Oxide 
Graphene, an allotrope of carbon, is a two dimensional monolayer of sp2 
bonded carbon atoms in a honeycomb lattice. It has unique physical, optical and 
mechanical properties, and its potential has widely been explored in recent years in 
various disciplines and as nano reinforcement in polymer composites [79-82]. It has 
been shown that at a low nano-filler content, graphene platelets performed 
significantly better than carbon nanotubes in terms of enhancing a variety of 
mechanical properties in nano-composites (tensile strength, Young’s modulus, 
fracture toughness and fracture energy) [83]. This better efficiency has been attributed 
to the enhanced specific surface area of graphene platelets, improved mechanical 
interlocking at the nano-filler-matrix interface, and the two dimensional geometry of 
graphene platelets.  
Graphite oxide (GO) is an oxygen-rich carbonaceous layered material which is 
produced by the controlled oxidation of graphite. Each layer of GO is essentially an 
oxidized graphene sheet commonly referred to as graphene oxide. Many studies, e.g. 
[84-86], propose that GO consists of unharmed graphitic regions scattered in sp3-
hybridized carbons. Epoxide and hydroxyl functional groups are attached to the sp3-
hybridized carbons on the top and bottom surfaces of each sheet whereas sp2-
hybridized carbons contain carbonyl and carboxyl groups, mostly at the edges of the 
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sheet. Hence, GO readily dissolves in water and forms colloidal suspensions. 
Graphene oxide is nonconductive in character and mainly insoluble in organic 
solvents, but functionalization renders it soluble in organic solvents and reduction can 
transform it to conductive graphene. 
Graphite oxide (GO) is the product of oxidation and exfoliation of graphite 
and its synthesis dates back to as early as 1859 [87]. The mostly cited method in 
recent literature –the Hummers method [88] – utilises a strong oxidation mixture 
containing sodium nitrate, potassium permanganate and concentrated sulphuric acid. 
The recent surge in the use of this material started in 2004 when Novoselov, Geim 
and co-workers mechanically separated few graphene layers from graphite and 
reported extraordinary electronic properties [89]. When realized that graphene had, in 
addition to high thermal conductivity and low cost, exceptional mechanical properties 
too (a tensile strength of 130 GPa and young's modulus ˃ 1 TPa), the range of 
potential applications triggered tremendous interest in scientific community. 
Graphene oxide, though having very high defect concentration as compared to 
graphene and also insulator in character, has been considered so far as the most 
favourable starting material for the bulk production of graphene as it is easy to 
produce and exfoliate and convenient to reduce to graphene through chemical, 
thermal and electrochemical means.  
In recent years many modifications in previous procedures for synthesizing 
graphite oxide have been reported and new techniques developed for tailoring the 
properties of this layered material. Marcano et al.[90] developed a modified method 
for the preparation of GO wherein sodium nitrate (NaNO3) was eliminated from the 
Hummer's oxidation mixture, the amount of potassium permanganate (KMnO4) was 
increased and reaction was carried out in 9:1 H2SO4/H3PO4 solution. The modified 
method had an improved efficiency of oxidation process and produced greater 
amounts of oxidized hydrophilic graphene oxide as compared to Hummer's method 
whereas chemically converted graphene had an equivalent electrical conductivity. The 
reaction did not produce toxic gas and temperature was easy to control. Those 
findings might be important in the mass production of graphene. Schniepp et al [91] 
developed a process for producing bulk quantities of single sheets of functionalised 
graphene. The process involved rapid heating (˃ 2000°C / min) and thermal 
exfoliation of graphite oxide (GO), wherein the pressure created by the expansion of 
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CO2 evolved into the interstices of GO caused exfoliation. They showed that an 
optimal combination of a complete oxidation of graphite and the thermal treatment 
was the key to the successful process. The process yielded wrinkled sheets which was 
attributed to the generation of various structural defects at, and around, the reaction 
sites involved in oxidation and reduction. The reduced and functionalized graphene 
single sheets thus produced were electrically conductive and the C/O ratio was about 
10:1 whereas GO was an insulator having C/O ratio about 2:1.  
Bannov et al. [92] studied systematically the effect of various reaction 
parameters in the synthesis of graphite oxide through conventional method. The 
dynamics of the oxidation of graphite were stage wise evaluated during the course of 
reaction by using the method of sample collection and thermogravimetric analysis and 
the most intense phase of oxidation was established. It was observed that prolonged 
preconditioning time of graphite in oxidation mixture, as practiced in original 
method(s), had practically no effect on the contents of the functional groups. 
Thermally expanded graphite prepared from graphite oxide had high texture 
characteristics (high specific surface area and pore volume). Though specific surface 
area of graphite oxide was considerably lower than thermally expanded graphite, 
some samples showed rather high capacity of super capacitors.  
4.1.4. Graphene-based Nanocomposites 
There were numerous challenges for realizing the true potential of graphene as 
nano-filler in composites. The low cost production of graphene in sufficiently large 
quantities, easy exfoliation and homogenous distribution in various matrices, finding 
ways to achieve most favourable materials properties etc. were the issues that needed 
to be addressed. To meet those stringent requirements, great research efforts have 
been dedicated in recent years and a variety of techniques and processes have been 
developed. 
Stankovich et al [93] developed a general approach for the preparation of 
graphene-polymer nanocomposites. Graphene oxide, produced by Hummer's method, 
was functionalized by chemical treatment with phenyl isocynate which changed their 
hydrophilic character. Isocynate treated graphene oxides could be completely 
exfoliated in suitable organic solvents and thoroughly blended with the host polymer 
by solution mixing. Graphene oxides were then reduced to conductive graphene single 
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sheets by treatment of polymer -graphene oxides solution with dimethylhydrazine. 
The polymer-graphene blend could be recovered from the solution by coagulation 
technique and processed to prepare nanocomposite. A polystyrene-graphene 
nanocomposite made by this technique showed a very low percolation threshold of 
about 0.1 vol% for room temperature electrical conductivity, which was attributed to 
very large surface area of graphene single sheets and their uniform molecular level 
distribution. 
In a recent study, J. Ma et al [94] utilized thinner (3nm) and modified 
graphene platelets(m-GnPs) in epoxy nanocomposite to achieve superior mechanical 
and functional properties. Thinner graphene platelets containing fewer graphene 
layers were prepared by the thermal expansion of graphite intercalating compound 
followed by exfoliation in a suitable solvent. The platelets were covalently modified 
with a commercial long molecular weight surfactant to enhance its dispersion and 
create a strong interface with the host matrix. Raman and XPS analysis showed that 
m-GnPs had good structural integrity. At 0.98 vol% nano filler loading, Young's 
modulus, fracture energy and glass transition temperature was improved by 14%, 
387% and 13% respectively over the neat epoxy resin. Due to the effective dispersion 
and covalently bonded interface, the percolation threshold for electrical conductivity 
was as low as 0.32 vol%.  
Fan et al.[95] functionalised graphene nano sheets with aramid nano-scale 
fibres using π-π stacking interactions in a solvent, thus obtaining a novel nano filler 
(ANFGS) by combining two super-strong materials. At 0.7 wt% loading of the filler, 
PMMA- ANFGS nano composite showed an increase of 84.5% and 70.6% in tensile 
strength and Young's modulus respectively. The thermal stability of the composite 
films was also improved and transparent films showed a degree of UV shielding due 
to the ultraviolet light absorption of the aramid nano fibres in ANFGS. 
Gong et al. [96] investigated the internal stress transfer between the layers of 
multilayer graphene flakes from the stress induced shifts of the 2D Raman band 
during the deformation of model polymer nanocomposite system. The study 
demonstrated similar level of reinforcement with monolayer and bi-layer graphene, 
with relatively poor stress transfer between layers in case of bi-layer graphene. The 
stress induced band shift rate was evaluated for separate graphene flakes containing 
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different number of layers. A decreased band shift rate with increased number of 
layers indicated poor stress transfer between inner layers. The behaviour was 
modelled to find the optimum number of layers for maximum reinforcement for a 
given polymer. It was established that, in general, multilayer graphene would produce 
higher levels of reinforcement than monolayer material, with the optimal number of 
layers depending upon the separation of the graphene flakes in the nanocomposite. 
Yu et al.[97] developed a thermal interface material by incorporating graphite 
nanoplatelets (GNPs) of controlled aspect ratio into epoxy matrix. GNPs with 
favourable aspect ratio (~200) were produced by acid intercalation of natural graphite 
flaks followed by thermal exfoliation at 800°C and shear dispersion in acetone. AFM 
and TEM observations showed that those GNPs contained, on the average, four 
graphene layers. When embedded in epoxy matrix, they provided a thermal 
conductivity enhancement of 3000% at relatively lower filler loading (25 vol %), 
whereas conventional fillers require much higher loading (~70 vol %) to achieve 
similar values of thermal conductivity. The other factors that were attributed towards 
dramatic increase in thermal conductivity were two dimensional geometry, stiffness 
and low interface resistance of graphite nano platelets. 
I. Zaman et al. [98] studied the effect of interface strength on fracture 
toughness of graphene platelets/epoxy nanocomposites. Graphene platelets (GPs) 
were produced by controlled sonication of acid treated graphite in acetone at reduced 
temperature (~15°C). A fraction of GPs was surface modified by treatment with 4,4' 
methylene diphenyl diisocyanate (MDI), and epoxy nanocomposites with both 
unmodified and modified GPs were fabricated. At 4 wt% filler loading, unmodified 
and modified GPs-epoxy nanocomposites showed an enhancement in fracture energy 
release rate over neat epoxy resin by 104% and 200% respectively. Although the 
surface-modified graphene platelets (m-GP) formed clusters, it was observed that 
degree of dispersion and exfoliation of graphene was higher in each cluster which was 
attributed to the improved interface. The enhancement in fracture toughness was 
attributed to the toughening mechanisms such as voiding, micro-cracking and layer 
breakage of GPs which were absent in neat epoxy. The glass transition temperature of 
the composite containing surface modified filler was also improved by 14.7%. 
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Jiang et al. [99] functionalized graphene oxide with silane treated silica nano 
particles and studied their toughening effect in epoxy nanocomposites at room and 
cryogenic temperature conditions. The fracture toughness of the composite sharply 
increased up to 1wt% filler loading which was attributed to the large surface area, 
covalent interactions between matrix and filler, and high aspect ratio of modified GO 
in the composites. The samples tested at cryogenic conditions showed an 
enhancement in tensile strength and Young's modulus over neat epoxy by 29.2% and 
22% respectively at 1 wt% filler loading. The values of tensile strength and Young's 
modulus were higher for samples tested at cryogenic conditions than those tested at 
room temperature whereas the impact strength showed opposite trends. 
4.1.5. Research Objectives and Methodology  
As reviewed in previous sections, graphene and graphene oxide have been 
extensively studied by direct addition for the development of nano and multiscale 
composites. However, only a few studies have been devoted to explore the potential 
of graphene /graphene oxide for making hybrid fibres, and to the effect on interface 
properties thereof. Martirosyan et al. [100] simulated the elastic properties of 
reinforced Kevlar®-graphite unidirectional fibre composites in the form of Kevlar® 
yarn with a thin outer layer of graphene. The study suggested that introducing outer 
enveloping layer of graphene sheet linked to polymer chains by strong chemical 
bonds may significantly strengthen Kevlar fibre with respect to transversal 
deformation.  
Inspired by the simulation of Martirosyan et al. [100] and the approach of Chen 
[15] for multiscale reinforcement, this research is focused on the fabrication of 
Aramid fibre- graphene oxide multiscale reinforcement fibres and the study of 
mechanical and interfacial properties thereof. The potential benefits of using graphene 
oxide nanosheets over CNTs may include convenient exfoliation avoiding 
entanglement issues associated with CNTs, simpler processing scheme avoiding 
highly toxic chemicals, uniform coverage, higher surface area due to the two 
dimensional geometry, and above all the cost effectiveness.  
In order to produce aramid-graphene oxide multiscale reinforcement fibres and 
create nanostructured interface in model composites, graphene oxide nano sheets have 
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been attached chemically to the functionalized surface of aramid fibres. It is expected 
that this treatment may enhance the strength of the fibre from the strength 
contribution of graphene oxide nano sheets, and functionalities on GO surface 
coupled with the nano-architectured interface may result in enhanced adhesion. 
Owing to the flat two dimensional geometry of graphene oxide sheets, engineered 
surface would not contain as protruding features as with CNTs and thus any dramatic 
improvement in through thickness properties of the composite is less likely, though 
these may be improved due to the enhanced adhesion and nanostructured interface. 
Surface treatments of fibres to enhance their adhesion towards host matrices usually 
degrade fibre mechanical properties. Any technique that can modify the surface and 
simultaneously enhance mechanical properties of the fibres is highly desirable.  
Aramid fibre has a smooth and inert surface owing to its high crystallinity. As 
reviewed in section 1.4, many types of treatments have been used for the surface 
activation of aramids. Where chemical treatments degrade fibres to various degrees, 
plasma co-polymerization is a convenient, one-step treatment, typically suitable for 
proof-of-the -concept studies. A brief introduction to this technique is given in section 
4.1.6. In present study, it has been used to functionalize the fibre surface to be 
reactive to particular groups on graphene oxide. It was previously reported that 
plasma co-polymerization of allylamine-octadiene produced nanometre thick, 
conformal and highly adherent functional coatings on the fibre surface that mostly 
retained amine functionalities and improved adhesion of carbon fibres to the epoxy 
matrix [101]. The functionalities created on the fibre surface can be utilized for 
further reactions at the surface. In present research these have been used for the 
covalent attachment of graphene oxide nanosheets through reduction reactions at 
functionalised surface of the fibres. Graphene oxide which is produced by controlled 
oxidation of graphite contains epoxide and other oxygen containing functional groups 
on its surface which may be reactive towards the functionalities created on the fibre 
surface [102]. The overall scheme is illustrated in Figure 4.1. Plasma deposits are not 
characterized by repeating monomer units as conventional polymers. The 'R' in Figure 
4.1 represents highly cross linked structure of monomers and their dissociation 
products (resulting from the large variety of precursor chemical bond dissociation 
processes). 
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Figure 4.1: Scheme adopted for chemical attachment of graphene oxide nano-sheets to aramid fibre 
surface (for description of 'R', reader is referred to the text in section 4.1.5) 
 
4.1.6. Plasma Polymerization  
Plasma enhanced chemical vapour deposition (PECVD), often called plasma 
polymerization, is a process of depositing highly cross-linked, ultrathin, polymer-like 
coatings in electrical discharges. Plasma is an ionized medium which consists of 
electrons, ions, neutrals and photons, and it may be used to treat, modify and etch 
surfaces, or to deposit plasma polymerized or co-polymerized coatings (PPs/PCPs).  
PPs/PCPs are prepared in low pressure conditions (typical of the order of 10-3 mbar) 
with the introduction to the plasma vessel of one or more organic precursors in vapour 
state. Controlled flow of the monomer(s) along with an input power results in the 
production of a thin film deposited on all the surfaces in contact with plasma. A 
schematic of plasma polymerization system is shown in Figure 4.2 and photograph of 
the apparatus used in present study in Figure 4.3. 
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The plasma polymerized films were originally considered as highly cross-
linked inert coatings bearing good barrier properties, as it was believed that specific 
functionalities associated with monomers were mostly lost due to the excessive 
fragmentation of monomers in plasma environment. In the early 1980's, plasma 
polymerization technique was systematically studied in order to develop it as a mean 
for the preparation of functionalised surfaces with close control over functionality 
Figure 4.2: Schematic representation of plasma polymerization apparatus 
Figure 4.3: Photograph of the plasma polymerization apparatus used in 
present study 
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retention. The technique got widespread acceptance for providing a fairly simple, one 
step, inexpensive and solvent free process for chemically tailoring surfaces without 
altering the inherent desirable bulk properties of the materials. The process operated 
at moderate temperatures which were comparable to conventional polymerization 
reactions. The other advantages of these plasma generated coatings included: (a) the 
conforming, pin-hole free nature, (b) availability of a diverse range of potential 
surface functional groups, (c) excellent coating adhesion on most of the substrates and 
(d) good chemical, mechanical and thermal stability. The technology permits the use 
of an unusually wide range of chemical precursors. In fact, any volatile compound, 
including saturated ones, can be used, offering several approaches for surface 
modification. 
In plasma there is a considerable fragmentation of the original compound(s) 
and a wide range of functional groups are incorporated into the deposit. The 
mechanism of polymerization is, therefore, different from conventional mechanisms. 
PPs/PCPs are not characterized by repeating monomer units as conventional polymer 
materials but exhibit an intrinsic cross linked structure resulting from the large variety 
of precursor chemical bond dissociation processes. However it has been shown that 
by exercising careful controls over the deposition parameters (plasma power (W) and 
monomer flow rate (F)), fragmentation is considerably reduced and it is possible to 
fabricate films with a high degree of functionality retention. However, such deposits 
are usually prepared at low plasma power, characterized by a low molecular weight 
and are, in general, completely or partially soluble in water. Plasma copolymerization, 
which is a variant that simultaneously utilizes more than one precursors, offers the 
possibility of controlling surface atomic concentration, surface functional groups 
composition and degree of crosslink affecting the solubility of the deposit. 
The starting point of plasma deposition is the activation of organic 
precursor(s) which takes place through electron impact (EI) collisions in plasma. It 
has been established that both gas phase reactions and the reactions occurring at gas-
surface interface contribute towards plasma polymer deposition where the relative 
contribution of each mechanism to the overall deposition process is determined by the 
plasma parameters. Yasuda [103] proposed two mechanisms as plasma-state 
polymerization and plasma induced polymerization. The former involves the 
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polymerization of intermediates generated in the plasma whereas the later is the 
polymerization through functionalities originally associated with polymerizable 
monomers (e.g. through double bond in vinyl monomers). Westwood, Denaro and co-
workers found that plasma polymerization of vinyl chloride, styrene, and unsaturated 
hydrocarbons might proceed via conventional polymerization mechanisms in plasma 
operating at 133 Pa [104]. While working on plasma polymerization from 
fluorocarbon feeds, d’Agostino [105] established that film growth proceed through 
reactions of fluorocarbon radicals CFx at the plasma activated surface of the polymer 
which led to his famous activated growth model (AGM). 
In contrast to continuous wave (CW) plasmas, pulsed plasmas are known to 
have relatively better functionality retention. In a pulsed-plasma, plasma power is 
intermittently on and off in microsecond intervals in a well defined sequence called 
duty cycle. Favia studied the pulsed plasma polymerization of unsaturated 
fluorocarbons and suggested that film growth proceed via AGM mechanism when 
plasma is on during the duty cycle and through conventional polymerization 
mechanism in plasma-off time [106]. 
The retention of amines functionalities in plasma polymerised films has been a 
topic of a great interest. The plasma polymerization of diaminopropane [107] , 
butylamine [108, 109], heptylamine [110], ethylenediamine [111, 112], aniline[113], 
diaminocyclohexane [111, 114] and acetonitrile [115] has been studied in this context. 
However, allylamine has been utilized most frequently in practical applications due to 
high functionality retention [109, 114, 116-120], though it has been recently shown 
that cyclopropylamine has even better amine retention in pulsed plasma below a 
critical Pmean value due to the lesser plasma-fragmentation than allylamine. [121]. 
Amine containing plasma polymers can be utilized in a number of applications. 
Examples include the modification of wastewater purification membranes [122, 123], 
functionalization of carbon nanotubes[124] and polymer microspheres [125-127], the 
improvement of biocompatibility of artificial materials and immobilization of bio 
molecules for biomedical applications [112, 118, 128-131]. In context to its 
application in composites, Dr. Jones group at University of the Sheffield has 
published a number of papers highlighting the importance of the technique in tailoring 
surface properties of reinforcement fibres [3, 117, 132, 133]. Among many other 
studies, they also copolymerized allylamine with octadiene for controlled variation in 
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surface functionality. It was shown that the co-polymerized films were more stable, 
and progressively increased ratio of octadiene resulted in films that were insoluble in 
aqueous medium.  
4.1.7. Expected Reactions between the Functionalized Fibre Surface and 
Graphene Oxide Nano-Sheets 
Lerf et al. [134] studied GO and its derivatives by C13 and 1H NMR. Based 
on their findings, they proposed a new structural model of GO. They confirmed the 
existence of C-OH groups and proposed the presence of 1-2 ethers (epoxide) rather 
than 1-3 ethers as previously believed. According to the proposed model, there are 
two kinds of region in GO structure: aromatic regions containing unoxidized benzene 
rings and aliphatic regions with six-membered rings; the degree of oxidation 
determines the relative extent of the two regions. The carbon grid is nearly flat due to 
the presence of aromatic regions, double bonds and epoxide groups. The carbon atoms 
attached to OH groups are in slightly distorted tetrahedral arrangement resulting in 
slight wrinkling of the layers. It was observed that deoxygenation resulted in the 
formation of phenol and aromatic diols which led to the conclusion that epoxide and 
hydroxyl groups were very close to each other. Different oxidized aromatic rings may  
 
 
 
 
 
 
 
 
 
 Figure 4.4: Structural model of GO proposed by Lerf et al. [134] 
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not necessarily have similar distribution of functional groups and the distribution of 
oxidized and unoxidized aromatic rings is entirely random. Oxygen containing 
functional groups present at both sides of carbon grid form a layer of oxygen atoms 
that imparts negative charge to the surface which can limit nucleophilic attack on 
carbon atoms and accounts for the relatively reduced chemical activity of the epoxide 
groups in GO. The GO layers terminate with -COOH and -C-OH groups. The 
structural model of GO proposed by Lerf et. al. is shown in Figure 4.4.  
Primary aliphatic amines and the amine containing molecules (amino acids, 
aminosiloxanes etc.) readily react with surface exposed epoxide groups of GO 
through corresponding nucleophilic substitution reactions [135]. Other types of 
interactions are also possible between amines and oxygen containing functional 
groups of GO. These may include: (a) interactions involving hydrogen-bonding 
[GO(C-OH.....H2N-R)] and (b) amine protonation by the sites of the GO layers which 
are weakly acidic (-COO- +H3N-R). However, Bourlinos et al [135] observed that 
protonated amines which could not act as nucleophile did not intercalate in GO. They 
also observed that, in contrast to primary amines, tertiary amines which lack 
interaction with the epoxide groups did not cause swelling of GO solid. Furthermore, 
the pH of 1:1 water/ethanol solution of amine reduced only by one unit after reaction 
with GO which indicated that neutral primary amine groups, and not the protonated, 
had consumed in the surface reactions with GO. Based on those observations, they 
concluded that amine nucleophilic attack on the epoxy groups of GO was the 
dominant interaction mechanism between the two entities. This fact formed the basis 
of our experimental scheme where we created amine functional groups on aramid 
fibre surface through plasma polymerization of amine containing monomer and in 
subsequent reaction steps attached chemically the graphene oxide nano-sheets through 
nucleophilic substitution reactions.  
The nucleophilic reaction of an amine on epoxide can take place in both acidic 
and basic conditions, though acid catalysed reactions proceed with extreme ease 
[136]. The three-membered ring in epoxide is highly strained and easily opened, a 
features which makes them an important class of organic compounds. The acid 
catalysed cleavage involves protonation of epoxide by acid; any of a number of 
nucleophilic reagents can then attack the protonated epoxide. However, in alkaline 
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conditions the epoxide group itself, not the protonated one, is attacked by the 
nucleophile: 
 
 
 
 
Such nucleophilic reagents as phenoxides, alkoxides, ammonia etc. that are more 
basic and stronger may compensate for the lower reactivity for cleavage reaction of 
non-protonated epoxide in alkaline medium. In our experiment design for chemical 
attachment of graphene oxide nano-sheets on fibre surface through reactions with 
generated amine groups on functionalized fibre, we selected to work in both acidic 
and alkaline mediums. The idea behind was that nucleophilic substitution reactions in 
alkaline medium could be advantageous, as inferred from some previous studies. GO 
exfoliates more readily in basic medium and the complete exfoliation provides more 
access to the functional groups of GO [137]. The carboxylic groups of GO dissociate 
around pH 9 which increases negative charge density on the surface and may result in 
increased attraction towards amine primed cationic surfaces [137]. Graphene oxide 
could be reduced simultaneously in aqueous ammonia medium to partially restore 
graphene structure [138], which might be beneficial in tailoring the properties for 
different end-use applications. 
4.2.  Experimental 
4.2.1. Materials 
The aramid fibres used in this work were Kevlar® 49 yarn (finish-free, type 
968, den 4320, dtex 480), a product of DuPont. The fibres were cleaned with 1,2 
dichloromethane in Soxhlet apparatus for 24 hours, washed with distilled water and 
dried overnight in a vacuum oven at 80°C. Fibres were randomly extracted from the 
Acid-catalysed cleavage 
Base-catalysed cleavage 
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tow for further processing and characterization. Allylamine and octadiene monomers 
were of reagent grades, purchased from Sigma and degassed in three freeze-pump-
thaw cycles before plasma co-polymerization step. Graphite powder (< 20 µm), 
sodium nitrate (purity ≥ 99.0%), sulphuric acid (purity 95-98%), potassium 
permanganate (purity ≥ 99.0%), hydrogen peroxide solution (30% w/w in H2O) and 
hydrochloric acid (37%) were also purchased from Sigma and used without any 
further purification. Huntsman cold curing epoxy system based on Araldite® LY 
5052 and hardener Aradur® 5052 was used for making model composites for 
microbond test. 
4.2.2. Functionalization of Aramid Fibres 
Functional primer coating of allylamine-octadiene (AA-OCD) was applied to 
the fibres surfaces through plasma co-polymerization technique. The plasma 
polymerization apparatus consisted of a custom built, metallic, parallel plate plasma 
reactor (200 mm in diameter and 200 mm long approximately), connected to a two 
stage rotary vacuum pump. The plasma was sustained between parallel-plate 
electrodes by an RF generator operating at 13.56 MHz, whereas the fibres were 
suspended in the middle region of the chamber. The chamber was evacuated to the 
base pressure of 3x10-3 mbar before the monomer gases were allowed to flow into the 
reactor. The flow rate of the individual monomer gases was measured and controlled 
by measuring the increase in reactor pressure at a fixed time (30 sec) while keeping 
the outlet valve closed during that period. The molar ratio of the two monomers, 
allylamine and octadiene, was 75 to 25 and total monomer flow rate was adjusted to 
2.5 ±1 CCM. A plasma power of 2.5±0.1 watts was maintained for 12 minutes. After 
that time the RF generator was switched off while the monomer gases were allowed to 
flow through the reactor for another half an hour to terminate any free radicals present 
on plasma deposit surfaces. In each experiment, cleaned aluminium foil and silicon 
wafer substrates were also placed alongside the fibres for characterization through 
Raman and XPS techniques. The treated samples were immediately wrapped in 
cleaned aluminium foil and stored in a vacuum desiccator. 
 
83 
4.2.3. Contact Angle Goniometry for PCP Coated Surfaces 
Contact angle goniometry measures the angle formed by a drop of liquid on a 
solid surface and determines the wettability of the surface by the liquid (Figure 4.6). 
The functional coating on the fibre should ideally be stable and insoluble in reaction 
medium during subsequent processing steps. One way to achieve this is to co-
polymerize the plasma deposit with a suitable precursor which not only controls the 
surface concentration of specific functionalities but stabilizes the coating as well [117, 
139]. In present research we have used octadiene monomer for that purpose as it 
stabilizes plasma polymerised allylamine coating when used in appropriate 
proportion. In order to examine the effect of increasing proportion of octadiene in 
total monomer flow rate into the plasma reactor to the wetting properties of the 
plasma deposit, we measured water contact angle on the coatings deposited on glass 
slides using Ramé-Hart Goniometer, model 260 (Figure 4.5) . The instrument was 
equipped with a microsyringe for precise drop formation; the contact angle was 
measured using sessile drop method. 
4.2.4.  Preparation of Graphene Oxide (GO) Nano-Sheets 
The graphite oxide was produced from graphite through Hummer's method 
[88]. Graphite oxide was gently washed repeatedly, initially with 3 wt% HCl solution 
and then with distilled water and collected through centrifugation. Process was 
continued till the pH of washings was around 5.5. Dilute graphite oxide suspension in 
distilled water (0.1 mg/ml) was then prepared and sonicated for 30 min. The 
suspension was then centrifuged at 6000 rpm for 15 minute to remove any unoxidized 
and unexfoliated fraction and the purified suspension containing fully exfoliated 
graphene oxide nano-sheets was then removed from the top of the centrifuge tube. 
Figure 4.6: Contact angle goniometry – a hydrophobic 
surface exhibits higher water contact angle [source: 
http://www.ramehart.com/contactangle.htm] 
Figure 4.5: A Photograph of Ramé-Hart 
Goniometer  
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The pH of the suspension was around 6. A drop of the suspension after further 
dilution was dried on freshly cleaved mica surface for atomic force microscopy 
(AFM) observations. 
4.2.5. Surface Reaction between Functionalized Aramid Fibres and GO Nano-
sheets 
Two GO suspension baths (concentration 0.1mg/ml) were prepared; one 
containing the as prepared purified GO suspension at pH 6, while the pH of the other 
bath was adjusted at 9 by the addition of dilute ammonia solution. The pH 9 was 
adjusted to limit the extent of protonation of amine groups on PCP AA-OCD whereas 
ammonia could simultaneously reduce GO sheets to certain extent to partially restore 
sp2 graphitic structure. Both baths were maintained at 60 ± 3 °C. Two sets of 
functionalized aramid fibres and silicon wafer substrates removed from plasma 
reactor were immediately immersed separately into the two suspension baths and 
allowed to stand overnight to complete the reactions. They were then taken out of the 
suspension, washed several times with distilled water and dried overnight in a vacuum 
oven at 60 °C. The fibre samples treated under the two bath conditions at pH 6 and 
pH 9 were designated as ARGO6 and ARGO9 respectively. 
4.2.6. Surface Analysis of Modified Fibres 
The modified fibres were examined under scanning electron microscope 
(SEM) (Philips, Model XL-20) at 10 kV. AFM was performed on Dimension 3000 
(Digital Instruments) atomic force microscope operated in tapping mode. Micro 
Raman spectra from model silicon and aluminium substrates were collected on 
Thermo Scientific DXR™ Raman micro- spectroscopy system equipped with a 50x 
objective using 532 nm and 780 nm laser excitation. Fourier Transform Infrared 
(FTIR) spectroscopy and X-ray Photoelectron Spectroscopy (XPS) was used to 
characterize changes in surface chemistry and surface chemical composition of 
modified fibres. FTIR spectra were obtained using Thermo Scientific Nicolet 6700™ 
FTIR Spectrometer accumulating 256 number of scan at 4 cm-1 resolution. The XPS 
was carried out on a K-Alpha instrument equipped with a monochromatic AlKα 
source (Thermo Scientific, East Grinstead, UK). A pass energy of 200 eV and a step 
size of 1.0 eV were employed for survey spectra, while pass energy of 40 eV and a 
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step size of 0.1 eV were used for high resolution spectra. The peaks fitting to high 
resolution C1s XPS spectra were performed using CasaXPS™ software. 
4.2.7. Single Filament Strength Measurement 
The effect of surface attachment of GO nano-sheets on strength of fibres was 
assessed by measuring single filament tensile strength. Treated and untreated fibres 
were selected at random and individual fibres were glued to thin and light cardboard 
templates (16 mm x 40 mm) with a square window (6 mm x 6 mm) cut at the centre 
(Figure 4.8). The cardboard templates were made by laser cutting (Epilog Mini 24 
laser cutter). The individual specimen were then loaded on Hounsfield universal 
testing machine using a 10 N load cell and tested at cross head speed of 0.2 mm/min. 
The tests were recorded using Q-Mat 5.60 (S-Series) software. Prior to applying load, 
the cardboard support for each specimen was cut on both sides of the fibre making it 
stand free. At least 30 samples were tested in each case. The diameter of the fibres 
was measured under scanning electron microscope.  
4.2.8. Microbond Testing of Model Composites  
In order to evaluate the adhesion characteristics of modified fibres with epoxy 
matrix, micro-bond technique was employed (Figure 4.7). Fibres were mounted on a 
glass frame and micro droplet of epoxy (< 300 µm) was deposited on each fibre 
employing carbon fibres “brush”. Micro droplets were cured at room temperature for 
24 hours and post cured at 90 °C for 4 hours. The embedded length of fibre in each 
specimen was measured by capturing image on an optical microscope (Nikon Eclipse 
Figure 4.8: Schematic representation of the 
specimen for single filament strength measurement 
Figure 4.7: Schematic diagram of microbond 
test 
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LV150) and using image analysis software (Buehler Omnimet 9.5). The specimen 
was held in a fixture containing a set of shearing blades which applied shearing load 
on the droplet while the fibre was pulled. The maximum force was recorded for each 
specimen at the event of debond. The test speed was 0.2 mm/min and at least twenty 
samples were tested in each case. 
4.3. Results and Discussion 
4.3.1. Contact Angle Goniometry for PCP Coated Surfaces 
The main purpose of the co-polymerization was to increase the stability of 
plasma deposits to dissolution. The Figure 4.9 shows the effect of increasing 
proportion of co-monomer octadiene (OCD) in total monomer(s) flow rate to the 
plasma reactor on the wetting behaviour of the deposits. The water contact angle of 
the PCP deposits progressively increased indicating that the surface becoming more 
hydrophobic when the hydrocarbon contents of the plasma deposit increased. The 
XPS analysis of the deposits showed corresponding decrease in surface concentration 
of nitrogen and amine functionalities (Figure 4.10). Candan [139] reported that 11% 
octadiene in allylamine-octadiene monomers feed rendered the plasma copolymerized 
deposits water insoluble whereas Beck [117] found it to be ≥ 20%. We selected AA to 
OCD ratio 75 to 25 for all subsequent processing as we considered it a good trade-off. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9: The effect of the increasing proportion of co-monomer in total flow 
to the plasma reactor on wetting behaviour of the plasma deposits 
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4.3.2. Characterization of Plasma Co-polymerized Primer Coating 
The plasma co-polymerized allylamine-octadiene (PCP AA-OCD) coatings were 
deposited on aluminium foil substrates with varying ratios of AA to OCD and were 
characterized by XPS and micro-Raman spectroscopy. Figure 4.11shows XPS survey 
scan and high resolution C1s and N1s spectra of the coating for AA to OCD molar 
ratio 0.75 to 0.25. The theoretical coating composition for this molar ratio comes out 
to be C: 85 At%, N: 15 At%, and ideally there should be no oxygen as monomers do 
not contain oxygen in their structure. However, the coating composition, as 
determined by XPS survey scan, found to be C: 75.78 At%, N: 13.60 At% and O: 
10.62 At%. The incorporation of oxygen in the PCP AA coatings in variable 
concentrations (4 to 11%) is a commonly observed phenomena [140, 141] which is 
usually attributed to: (a) the residual oxygen in plasma reactor, (b) the air leaking into 
the reactor and (c) post deposition oxidative reactions with atmospheric oxygen as the 
samples are exposed to environment. The coating composition thus closely matches to 
the reported values. The relatively higher oxygen contents in present case may be due 
to the longer hold up time between coating deposition and XPS analysis. 
The signatures of the substrate in low binding energy (BE) region (Al 2s at BE 
118 eV & Al 2p 1/2 at BE 74 eV) were largely diminished in the survey scan. 
However, the presence of attenuated peaks indicated that part of the analysed surface 
was uncovered (coating might have pin holes) or covered with the PCP layer thinner 
than the information depth of XPS. In the peak fitting model of C1s envelope (figure  
Figure 4.10: The effect of increasing proportion of the co-monomer in total flow to plasma reactor on 
N/C ratio of the deposit and surface amine concentration 
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4.11 b) the peaks positioned at 285.05, 286.05, 286.65 and 287.92 eV may be 
assigned to C-C/C-H, C-NHx, C-O/C=N/C≡N and C=O/CONH functionalities 
respectively [65]. For low plasma power (plasma power to total monomer flow rate 
ratio P/F ≈1) and with unsaturated monomer(s) feed, monomer fragmentation is less 
dominant phenomena and C-N functionalities are mostly present in the form of C-
NH2 [101, 142]. Consistent with the C1s peak model, the N1s envelope has been  
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Figure 4.11: (a) XPS survey scan, (b) high resolution C1s spectrum and (c) high resolution 
N1s spectrum of plasma co-polymerized allylamine-octadiene coating deposited on 
aluminium foil substrate 
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Figure 4.12: Raman spectrum of PCP AA-OCD coating (purple in coloured figure) 
deposited on aluminium foil substrate, Raman spectrum of cleaned aluminium foil is also 
shown (in red) 
fitted to three component peak model (figure 4.11 c). The component peaks for three 
nitrogen environments i.e. C≡N, NH2-C/ N=C and NHCO were positioned at 398.27, 
399.17 and 400.12 eV binding energy respectively [65, 66]. Thus, the surface exposed 
C-NH2 groups were available which were capable of reacting with compatible groups 
on GO surface in subsequent step. 
Figure 4.12 shows the micro-Raman spectrum of the same PCP AA-OCD functional 
coating. The asymmetric and symmetric stretching and deformation bands of −CH2 
groups appeared at 2929, 2873 and 1449 cm-1 respectively. The peak resulting from 
scissoring and deformation vibrations of −NH groups appeared at 1614 cm-1. The 
broadening of this peak towards higher wave number side may have some 
contribution from −C=O/CONH functional groups that are present in small 
proportions on PCP AA-OCD coating. The complex band around 2200 cm-1 may be 
assigned to the −C≡N stretching [143, 144]. Therefore, the spectrum further confirms 
the findings of XPS. 
4.3.3. Graphene Oxide Nano-Sheets 
Raman and FTIR spectroscopy has been extensively used for the 
characterization of graphene and graphite oxide [145-148]. Generally, the Raman 
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spectrum of raw graphite shows a characteristic sharp and intense band (graphitic or 
“G” band) at 1570-1581 cm-1, which upon oxidation broadens and shifts to higher 
wavenumber (1588 – 1596 cm-1, blue shifting) [145, 148, 149]. After oxidation, D 
band which may be weakly present or completely absent in raw graphite appears as an  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.13: (a) Raman and (b) FTIR spectrum of GO produced in-house 
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intense band around 1345 cm-1 and attributed to the introduction of sp3 type structural 
disorders in sp2 graphitic structure [150]. Figure 4.13 (a) shows the Raman spectrum 
of the graphene oxide produced in-house by Hummer’s method. The spectrum reflects 
all the characteristic features of the material. 
Figure 4.13 (b) shows the FTIR spectrum of GO produced in our lab. The 
peaks at 1732 and 1624 cm-1 may be assigned to the carboxylic and carbonyl 
functionalities. The peaks at 1353, 1256 and 1054 cm-1 indicate the presence of C–OH 
and epoxide moieties. A broad band around 3300 cm-1 is characteristic of hydrogen 
bonded –OH. The spectrum thus confirms the successful oxidation to GO.  
The water suspension of GO was purified by centrifugation to contain only the 
single graphene oxide sheets for attachment on fibre surface. Figure 4.14 shows the 
tapping mode AFM topographic image of the GO sheets dried from dilute suspension 
on mica surface. The height profile illustrates that thickness of the sheets is between 
0.595 to 0.713 nm which is characteristic of single layer graphene oxide [151, 152]. 
The result thus confirmed that GO nano-sheets were fully exfoliated and present 
mostly as single layer.  
4.3.4. Chemical Attachment of GO Nano Sheets on Fibre Surface 
The possibility of chemical interaction between PCP AA-OCD primer layer 
and GO nano-sheets was confirmed by facilitating the reaction on a model neutral 
surface (silicon wafer). PCP AA-OCD (molar ratio 75 to 25) was deposited on the 
model surface which, afterward, was immersed in overnight in GO bath. Figure 4.15  
Figure 4.14: Tapping mode AFM topographic image and height profile of single layers of GO 
(on freshly cleaved Mica) 
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shows the Raman spectra of pristine GO ((a), purple in colour with G band at 1588 
cm-1) and amine primed silicon wafer surface after processing in GO bath ((b), green 
in colour with G band at 1602 cm-1). The spectrum in red (c) is for the cleaned silicon 
wafer. It is evident by the appearance of graphene oxide characteristic peaks in (b) 
that surface of the silicon wafer has been covered by GO nano-sheets whereas the 
significant shifting of the G band towards higher wavenumber indicates strong 
chemical interaction of the attached GO sheets to the PCP AA-OCD primer layer on 
the silicon wafer surface. Liu et. al [153] reported that after mild reduction of GO by 
amine pendent groups of gelatine, G band of exfoliated graphene oxide shifted from 
1585 to 1595cm-1, while D band was at the same location. Our results are quite 
consistent with the results of Liu et al. and thus the expected interaction between 
primer layer and GO nano sheets can be confirmed. 
FTIR spectra of the fibres treated in two reaction conditions were recorded in 
transmission mode in KBr and compared to that of the control sample. The results of 
those analysis are presented in Figure 4.16 which also shows FTIR spectrum of GO 
for reference. Contrary to reactions involving simple pure compounds, interpretation 
of FTIR spectra is not straight forward, yet the spectra of treated fibres contain a lot of 
valuable information. The differences in the spectra of fibres treated in two pH  
Figure 4.15: Raman spectrum of (a) pristine GO (b) GO sheets chemically attached 
to PCP AA-OCD primer layer on model surface and (c) model surface (silicon 
wafer) 
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conditions also indicate the difference in reaction mechanism or rates. The spectrum 
of Kevlar® aramid fibre has been illustrated in literature [154, 155]. The shoulder at 
the higher wavenumber end of 1688 cm-1 peak in Kevlar® spectrum was increased for 
both the modified samples. The spectral analysis and peak fitting model (not shown ) 
suggested that it was because of the contribution of carbonyl peak of GO (-C=O 
stretching vibrations of –COOH functionalities, ν 1732 cm-1), which appeared in the 
modified fibre at a slightly lower wavenumber of 1721 cm-1. The slight shifting of this 
peak may be due to the structural changes as graphene oxide sheets chemically 
attached to the fibres, most probably due to the replacement of electron deficient 
epoxide groups by electron donating amine and hydroxide groups in the structure as a 
result of nucleophilic substitution reactions [24, 156] . Figure 4.17 shows the peak 
ratios as determined from the spectral analysis on FTIR spectra presented in Figure 
4.16. The sample numbers 1, 2 and 3 in Figure 4.17 represent control fibre, ARGO9 
and ARGO6 respectively. The peaks at 1607, 1643 and 1680 cm-1 in (a), (c) and (d) 
are characteristic peaks of aramid fibre and therefore, as shown in Figure 4.17(a), 
peak ratios are almost identical in control and treated samples, whereas the 1643 to 
1721 cm-1 peak ratio changed from 10 in control sample to about 4 in ARGO6. The 
Figure 4.16: FTIR spectrum of (a) neat Kevlar fibre (b) GO (c) GO-modified fibre ARGO6 
and (d) GO modified fibre ARGO9 
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results not only confirmed 
the successful attachment of 
GO sheets on fibre surface 
but suggested also that 
more –COOH groups were 
retained in acidic reaction 
conditions (ARGO6), 
whereas partial reduction of 
GO sheets occurred in 
alkaline reaction bath. 
These findings were later 
confirmed by the XPS 
results as well. The new 
peaks emerged in both 
treated samples at about 
1030 cm-1 may be assigned 
to the newly formed –C–
NHx type bonds as primary 
amines containing tertiary 
carbon atoms absorb 
weakly at this frequency 
[157]. The peak ratios as 
shown in Figure 4.17(b) 
suggest that there is a lesser contribution of residual epoxide peak (1076 cm-1) in case 
of ARGO9 sample (as compared to ARGO6) which indicates that more epoxide 
groups have reacted to the amine functional groups of the primer layer under alkaline 
condition. This can be attributed to the fact that only about 50% amine groups in 
polyallylamine layer are protonated at pH 9 [158] and that lesser protonation had 
resulted in more reactive nucleophilic sites on primer layer available for the reaction. 
Kovtyukhova et al. [137] grew monolayer and multilayer composite films of 
unilamellar graphite oxide (GO) on amine primed cationic surfaces. They observed 
that when alkaline GO colloids were used (aqueous ammonia suspension at pH 9), the 
monolayer assembly process selected the largest sheets from the suspension and 
ended with more uniform surface coverage. They attributed it to the dissociation of  
Figure 4.17 (a) and (b): Peak intensity ratios measured from 
peak fitting models for FTIR spectra shown in Figure 4.16 
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hydroxyl groups of GO, which occurred around pH 9 and resulted in increased 
negative charge density on GO surface and increased attraction of the GO sheets for 
the cationic surface. Lai et al. [159] reduced and functionalized GO with primary 
amine by nucleophilic substitution at –COOH and C–O–C groups in a solvothermal 
process using ammonia water as nitrogen precursor at 180°C for 10 hours. The 
reaction was performed under pressure in an autoclave, though authors did not 
mention the exact pressure value. Since our reaction conditions are much milder, only 
a partial reduction may be expected. Thus it is reasonable to believe that reaction in 
alkaline conditions had resulted in partially reduced GO sheets more strongly and 
uniformly attached to the fibre surface. 
The surfaces of the control and GO modified fibres were also analyzed by XPS. 
Figure 4.18(a) shows overlaid survey scans whereas Table 4.1 summarizes surface 
chemical composition of the control and modified fibres as determined from these 
scans. The survey scans indicated that original surface had been masked by oxygen 
rich GO sheets. The weak nitrogen signal might have originated from underneath 
primer layer or some of the amine groups contributed by ammonia water on GO 
surface in alkaline reaction bath. The modified surface had different composition with 
acidic and alkaline reaction conditions. The significantly lower surface oxygen 
contents in case of alkaline bath suggested partial reduction of GO in addition to its 
attachment on fibre surface. The further support to this idea came from the C1s 
spectra (b & c), where the surface modified under alkaline conditions showed much 
less contribution of oxygen containing functional groups in C1s envelope. The C1s 
spectrum of the surface modified under acidic bath conditions has much higher  
 
 
 
 
 
 
 
Sample code Chemical composition [At %] 
 C N O 
Control 76.30 8.91 14.79 
ARGO6 71.52 2.15 26.33 
ARGO9 80.24 3.10 16.67 
Table 4.1: XPS surface elemental analysis of the control, ARGO6 and ARGO9 samples 
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contribution from oxygen rich functional groups. Thus XPS results confirmed the 
separate findings of FTIR spectroscopy 
 Figure 4.19 depicts the clear difference in surface topography of the control 
and treated fibres as observed by SEM. Although centrifugation might have removed 
most of the thicker sheets (containing a few graphene layers) in solution purification 
process, the small residual quantity could not be circumvented. While it was difficult 
to resolve attached nano meter thin sheets in surface scan of modified fibres by SEM, 
those thicker sheets were easily detected. Since they had similar surface chemistry, 
they served as a positive indicator of expected attachment. The final confirmation of 
the attachment of GO sheets to the fibre surface came from AFM (Figure 4.20). On 
Figure 4.18: (a) Overlaid XPS survey scans of control and treated fibres, (b) and (c) high 
resolution C1s spectra of ARGO6 and ARGO9 samples respectively 
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the magnified image of the atomic force micrograph, Figure 4.20(b), some of the 
individual sheets have been marked. The micrograph shows uniform coverage of the 
surface, though some overlapping of sheets is observed.  
 
 
 
 
 
 
  
Figure 4.19: Scanning electron micrograph of (a) control and (b) treated fibre 
Figure 4.20: (a) Tapping mode AFM topographic image and height profile of nano sheets of GO attached 
to the fibre surface (b) magnified image where some of the individual sheets have been marked 
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4.3.5.  Mechanical Response of Modified Fibres and Model Composites 
The individual fibres randomly selected from the lots of treated and untreated 
fibres were subjected to the single fibre tensile testing and the breaking load was 
recorded in each case. Figure 4.21 shows the force - extension plots of two of the tests 
where maximum breaking force was recorded for untreated and treated fibres ARGO9 
(plot 'a' and 'b' respectively). The box chart in Figure 4.22 illustrates the average, 
minimum and the maximum values of tensile strength obtained in the testing for the 
three samples. The mean tensile strength of control, ARGO6 and ARGO9 fibres was 
found to be 3.41±0.23, 3.67±0.33 and 3.69±0.38 GPa respectively. The results show 
that relatively better properties were observed for fibres ARGO9. Though on the 
average a slight improvement in tensile strength of fibres is observed (7.9%), a 
relatively significant improvement (14.39%) was obtained on the basis of the 
maximum values observed, which represents the actual potential of the treatment. The 
observed improvement in breaking strength of the modified fibres may be attributed 
to the coverage of defect sites, better load distribution and strength contribution of the 
graphene oxide nano-sheets (and the strong bonding between the fibre and GO as 
previously discussed).  
 
 
 
 
 
 
 
 
 
 Figure 4.21: Load-extension plots for the tests registering maximum breaking load 
for (a) control and (b) treated fibre ARGO9 
99 
 
 
 
 
 
 
 
 
 
 
 
A significant improvement was observed in interfacial shear strength (IFSS) in 
model composites with epoxy. Figure 4.23(a) shows micrograph of one of the micro-
bond specimens and Figure 4.23(b) illustrates IFSS data. Here again, better adhesion 
properties were observed for ARGO9 fibres treated in alkaline GO bath as compared 
to ARGO6. For control fibres an average IFSS value of 30.64±3.6 MPa was observed 
which is close to the previously reported values [68, 155]. For Aramid-GO multiscale 
fibres, values of 38±4.35 and 44.33±3.14 MPa were observed for ARGO6 and 
ARGO9 respectively which represent 24% and 44.68% improvement in the IFSS. The 
exact mechanisms that have contributed towards the observed improvement are not 
exactly known at this stage; however this effect may clearly be attributed to the 
entirely changed surface chemistry in treated fibres. The modified surfaces are richer 
in oxygen containing reactive functional groups which, along with the nanostructured 
interphase, resulted in better adhesion with epoxy matrix. The better results have been 
observed with sample treated in alkaline reaction conditions (ARGO9). This can be 
attributed to the fact that aqueous ammonia in alkaline reaction bath reduced, to 
certain extent, graphene nano-sheets attached to the fibres surface and partially 
restored stronger sp2 graphitic structure in the sheets. In alkaline conditions, the 
Figure 4.22: Box chart showing the average, minimum and the maximum 
values of breaking load obtained in the tensile testing for the control and treated 
fibres 
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nano-sheets are also more strongly attached to the amine primed cationic fibre 
surfaces due to the enhanced interaction of dissociated -COOH groups of GO. The 
stronger nano-sheets which are more firmly attached to the fibre surface in case of 
ARGO9 might have led to better stress transfer at the fibre surface, and thus better 
interfacial shear strength as compared to ARGO6 in model epoxy composites. 
Figure 4.23: (a) Micrograph of one of the micro-bond specimens and (b) IFSS data 
for micro-bond test of model epoxy composites 
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4.4. Conclusions 
This research explores the effect of chemical attachment of the graphene oxide 
nano-sheets to the surfaces of Aramid fibres on the strength and adhesion 
characteristics of the fibres for application in polymer composites. Aramid fibre-
graphene oxide multiscale reinforcement fibres have been prepared by chemical 
attachment of GO nano-sheets on amine primed surfaces of the fibres under two 
reaction conditions. The fabricated hybrid fibres have been characterized in terms of 
surface properties, strength and adhesion characteristics. The chemical attachment of 
GO unilamellar sheets on aramid fibre surface enhances the strength of fibre and 
adhesion with epoxy resin. Fibres prepared in Alkaline aqueous ammonia graphene 
oxide suspension show better strength and adhesion (with epoxy) as compared to 
those treated in as-prepared slightly acidic GO aqueous suspension due to the 
reduction of GO and partial restoration of graphitic structure. For the modified fibres, 
the mean value of tensile strength and average interfacial shear strength were 
improved by 7.9% and 44.33% respectively when compared to the untreated fibres. 
The approach can be extended to other classes of reinforcement fibres and may find 
many useful applications in design and fabrication of advanced composites by 
enhancing the mechanical properties of existing reinforcement materials. 
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Chapter 5 
5. Aramid Fabric-Nanoreinforced 
Epoxy Multiscale Composites 
Recent studies have demonstrated that addition of small amounts of 
functionalised CNTs in epoxy matrix improved the interlaminar properties of 
glass and carbon fibre composites. The proposed mechanisms for the 
observed enhancement are the matrix toughening, preferential orientation of 
CNTs in the thickness direction, and the covalent integration of CNTs in the 
matrix creating coupling at the interface. We have studied aramid 
/epoxy/CNTs hybrid composites in similar context 
5.1. Preamble 
Composite laminates made by conventional techniques do not have 
reinforcement fibres oriented in thickness direction. As a result, the mechanical 
properties in transverse direction are inferior to in-plane properties. Interlaminar shear 
strength (ILSS) of the laminate often becomes a limiting design parameter, typically 
for those applications where substantial load components are acting in transverse 
direction. Various approaches reported in literature for successful enhancement of 
ILSS of laminates include: fibre stitching in thickness direction [160-164], use of Z-
pins [165-168] and nano-reinforcement filled matrix [169-172], the later is 
particularly promising being less labour intensive and not adding additional processes 
in manufacturing line. 
Carbon nanotubes (CNTs) are well known for their exceptional mechanical 
properties and very high aspect ratio. Many studies have explored the potential of 
CNTs and other nano particles for improving ILSS. However, studies reporting both 
positive and negative effects are found in literature.  
 Y. Zhou et al [169] infused carbon nanofibres (CNFs) into epoxy matrix (up 
to 3 wt%) and studied the effect on mechanical and thermal properties of 
nanocomposites by DMTA, TGA and tensile strength measurements. The storage 
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modulus, Tg and tensile strength of the nanocomposite increased while tanD values 
decreased by increasing the CNF loading; the maximum enhancement in tensile 
strength (17.4%) was observed for 2 wt% CNF loading. The greater roughness of the 
fractured surface was attributed to the crack deflection by CNFs. The hybrid 
composite panels fabricated through vacuum assisted resin transfer moulding 
(VARTM) with 2% CNF loaded epoxy resin and satin weave carbon fabric pre-forms 
showed 22.3% improvement in flexural strength over the composite containing no 
CNF. Based on high magnification SEM observations, a strong interface was 
suggested in CNFs filled composite, though no reason was assigned. 
Godara et al [170] studied the influence of adding various types of CNTs to 
hot-melt epoxy matrix on processing and mechanical behaviour of multiscale epoxy-
CNTs-carbon fibre composites. Unidirectional composites were produced by prepreg 
technique with a fixed 0.5wt% of different types of CNTs in the matrix. The 
temperature-viscosity behaviour of CNTs/epoxy mixes in the rheological studies 
showed greater tendency of non-functionalized MWCNTs to agglomerate near 
processing temperature. The coefficient of thermal expansion of hybrid composites in 
transverse direction was significantly affected by the presence of CNTs, the highest 
reduction (32%) was observed with (functionalized) double walled CNT-epoxy 
system which was attributed to the less increase in free volume with this filler due to 
the better interaction with matrix resulting in effective blockage of the thermally 
induced polymer chains movements. The tensile tests in fibre direction showed that 
the modulus was mostly unaffected whereas the tensile strength decreased 
systematically, most notably with DWCNTs, which was attributed to the matrix 
stiffening effect of functionalized CNTs resulting in enhanced stress concentration 
around broken fibres. For tensile tests in ±45° direction, no consistency in any of the 
properties was observed. The hybrid composites demonstrated decreasing trends in 
interlaminar shear strength, whereas a significant increase in fracture toughness was 
observed (by up to 80% with pristine MWCNTs). In conclusion, major and decisive 
effects were not observed in mechanical properties other than the fracture toughness.  
F.H. Gojny et al. [171] reported an enhancement in stiffness and fracture 
toughness for CNT reinforced epoxy composites at low contents (0.1wt%) of double-
wall nanotubes (DWCNT) using three-roll calandering as dispersion method. TEM 
showed good exfoliation and wetting of nanotubes in epoxy. The young modulus for 
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the neat resin 3.29 GPa increased to 3.50 GPa by the addition of 0.1 wt% of 
functionalized DWCNT-NH2. However, the tensile strength was negatively affected 
for non functionalized DWCNT which was attributed to the tendency to form 
agglomerates and to the weak interface. The fracture toughness of all nanocomposites 
was significantly improved over the neat epoxy resin. 
Gojny et al. [172] modified epoxy matrix by the addition of 0.1 to 0.3 wt% 
amino functionalized double wall carbon nano tubes (DWCNT-NH2) and used that 
matrix to fabricate Glass fibre/epoxy/DWCNT-NH2 composites through resin transfer 
moulding (RTM). Though modulus of the hybrid composite remained mostly 
unaffected while tensile strength showed slight decrease by the addition of CNTs, the 
interlaminar shear strength was improved up to 20%. The authors attributed that 
improvement in ILSS to two factors: (a) strengthening of the matrix by nano-
reinforcement and (b) strong interface between glass fibre and nano-reinforcement. 
However they did not explain why the improvement was observed for samples 
containing carbon black as nano-filler where both these mechanism were absent. 
Further, proposed strengthening mechanism was also absent in epoxy containing 0.1 
wt% DWCNT-NH2 as it had poor strength than neat resin, but the ILSS of the hybrid 
composite containing that matrix was significantly improved.  
 Wichmann et al. [173] studied mechanical and electrical properties of glass 
fibre reinforced composites made by RTM using nanoparticle modified matrix, with 
and without electrical field to orient particles in z-direction. The matrices were 
modified by 0.3 to 0.5 wt% DWCNTs, carbon black and fumed silica. High shear 
mixing in a mini calendar resulted in uniform dispersion of fillers in the matrix though 
small agglomerates of 1-2µm were found frequently. The ILSS of the laminates 
showed dependence on fibre volume fraction which was attributed to the interfacial 
failure mode; laminates containing 37% fibre volume showed variable improvement 
with different fillers, most notable with DWCNTs(≈ 16%), whereas those containing 
50% fibre volume showed no improvement or even decreasing trends which could not 
be explained in some cases. Interlaminar fracture toughness GIC and GIIC exhibited no 
significant improvement with the addition of nanofillers. The authors concluded that 
transferring nanofillers-enhanced matrix properties to continuous fibre reinforced 
composites was a challenging task, limited by numerous factors.  
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Z. Fan et al. [31] dispersed small quantity (0.5 - 2 wt%) of acid functionalized 
/ oxidized multiwall carbon nanotubes in epoxy and used the modified matrix to 
fabricate glass-epoxy composites through conventional and customised VARTM. 
Short-beam shear test (ASTM D2344) and compression shear test methods were used 
to determine the ILSS of the composites. For composite made by the addition of 2 
wt% MWCNTs in customized "injection and double vacuum assisted resin transfer 
moulding" (IDVARTM), ILSS as measured by compression shear method was 
improved by 33.1%, whereas the high p-value in case of the data generated by short 
beam shear test made it insignificant to distinguish among various data sets. For 
similar CNT contents, preferential orientation of CNTs in thickness direction as 
achieved in Conventional VARTM did not show significant advantage in terms of 
ILSS when compared to non-preferential orientation with IDVARTM. 
Only a limited number of studies have reported on mechanical and 
interlaminar properties of filled epoxy-aramid fabric composites. Song [174] prepared 
hybrid epoxy/CNT/aramid fabric composite through vacuum assisted resin transfer 
moulding (VARTM) using a novel technique to achieve good dispersion of CNTs in 
the composite. The scheme was based on the miscibility of a thermoplastic in epoxy. 
Acid purified multiwall CNTs were dispersed in thermoplastic polyethylene oxide 
(PEO) whereas the dispersion state was established by rheological study. The thin 
film of PEO-CNTs nanocomposite placed on the fabric pre-form in VARTM mould 
could dissolve in hot epoxy during resin transfer phase resulting in the distribution of 
CNTs in the composite by flow-field shear forces. There was a slight increase in 
flexural strength, though values reported were extremely high for Kevlar plain weave-
epoxy type composites; the error bars were also not included. There was a significant 
increase in impact strength, which was consistent with the findings of other workers. 
The interlaminar shear strength of the composites was not measured in the study. 
I. Taraghi et al. [175] reported on the response of hybrid epoxy-MWCNTs-
woven Kevlar laminates against low velocity impact at ambient and low temperature 
conditions. It was shown that damage formation was strongly dependent on 
temperature and magnitude of CNT contents. As reported, the impact response was 
improved by the addition of MWCNTs, the damage size was reduced and energy 
absorbing capability was enhanced both at ambient and low temperature. 
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Gibson et al. [176] studied the ballistic performance of Kevlar29-epoxy 
composite armour, enhanced by the addition of MWCNTs and combined MWCNTs/ 
milled fibres. The addition of MWCNTs alone did not result in any improvement. 
However, when combined with milled fibres, the synergistic effect resulted in 
significant improvement in ballistic performance. 
It is evident from the foregoing review that the results depend largely on 
material and processing variables, reinforcement type and volume fraction, and 
fibre/matrix interfacial properties. While various degrees of improvement in ILSS has 
been reported for glass fibre-epoxy-CNTs hybrid composites, decreasing trends has 
been reported by Godara et al [170] for carbon fibre composites containing CNTs. 
Further, most studies have chosen RTM/VARTM as manufacturing technique where 
preferential z-direction orientation of CNTs is a likely phenomenon which might have 
contributed in observed improvement in certain cases. However, conventional layup 
techniques are still used frequently for the fabrication of laminates. The effectiveness 
of the nanophase addition is required to be assessed for conventional layup technique 
as well. 
The purpose of this study is to establish the level of enhancement in ILSS that 
can be achieved in Woven Aramid-epoxy laminates over two components system by 
the addition of a nanophase (MWCNTs), using conventional layup technique without 
any special arrangement for preferential orientation of CNTs. A secondary objective 
is to study mechanical and thermo-mechanical properties of the said composite. 
We fabricated Woven Kevlar® Fabric/epoxy laminates wherein we dispersed 
small quantity (0.1 to 0.5 wt%) of acid-oxidized MWCNTs in the epoxy matrix before 
laminate fabrication. The dispersion of functionalised CNTs in the matrix was ensured 
by sonication and vigorous stirring and observed through SEM of acid-etched 
samples. Laminates were prepared by hand layup technique wherein each fabric ply 
was impregnated with defined quantity of matrix to precisely control fibre volume 
fraction at similar level in all laminates. Laminates with neat epoxy resin were 
prepared in similar fashion for comparison of properties. Interlaminar shear strength 
was measured by short beam shear test. Flexural strength and dynamic mechanical 
properties were also measured for epoxy-CNTs nanocomposites as well as for 
multiscale hybrid composites. 
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5.2. Experimental 
5.2.1. Materials 
Aramid fabric Kevlar® (plane weave, style 328, fabric weight 217 gm/m2, 
thickness 0.3mm) was used to make composites panels for this study. The resin 
system used was Hutsman Araldite® LY564 (epoxide) / Aradur® 2954 (hardener). 
Araldite®LY564 is a low viscosity epoxy resin that we considered suitable for good 
dispersion of functionalised CNTs. Aradur® 2954 is a cycloaliphatic polyamine and 
the system itself has a long pot life, a necessary requirement for hand layup of 
composite panels. The cure temperature for this resin system is 130 - 160°C, whereas 
the Tg of the cured resin depends upon the selected cure cycle. The mixing ratio of 
epoxide to hardener was 100 to 35, as per manufacturer's recommendation. MWCNTs 
were purchased from Sigma-Aldrich and have diameter in the range 25-40 nm. 
Reagent grade HNO3 (68-70%, ACS), H2SO4 (95-98%, ACS) and methanol (99.8%, 
ACS) were also purchased from Sigma and used as such. 
5.2.2. Functionalization of CNTs 
The MWCNTs were purified by thermal treatment at 350°C for 5 hrs. The 
purified MWCNTs were acid functionalised by treatment with a mixture of 
concentrated HNO3 and H2SO4 (1:3); 1gm MWCNTs were added to 50 ml of HNO3 
(68-70%) and 150 ml of H2SO4 (95-98%) in a volumetric flask and sonicated at room 
temperature for 4 hrs. The solution turned slightly brownish by the end of that time. 
The solution was stirred at about 70°C for 4-5 hrs on a hot plate and then cooled to 
room temperature. The suspension was diluted with 200 ml of deionised water and the 
functionalized CNTs were vacuum filtered on a 0.2μm PTFE membrane, washed 
several times with distilled water and dried at 120°C for 6 hrs. 
5.2.3. Epoxy-CNTs Mix 
Since the epoxide component LY564 (component A) has lower viscosity than 
component B (hardener), component A was chosen to disperse CNTs. 2gm 
functionalized MWCNTs were added to 50 ml of methanol and sonicated at room 
temperature for half an hour. The solution was then added to 260 gm of the epoxide 
(0.5 wt% MWCNTs on the weight of epoxy A+B) in a beaker. The dispersion was 
agitated on a hot plate in a fume hood at 40°C for 3 hrs and then at 60-70°C (i.e. near 
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the boiling point of methanol) to remove the solvent. When all the solvent removed, 
(determined from the remaining weight of the contents), the contents of the beaker 
were cooled to room temperature and 140 gm of hardener (component B) was added 
and thoroughly mixed manually. Neat epoxy resin, not containing CNTs, was mixed 
in appropriate quantity and well agitated to have epoxy mixes containing 0%, 0.2%, 
0.3%, 0.4% and 0.5% MWCNTs which were used to fabricate composite laminates. 
5.2.4. Fabrication of Kevlar Fabric-CNTs-Epoxy Multiscale Composite 
The composite laminates were fabricated by hand lay-up with fibre volume 
fraction ~ 60%. Ten numbers of fabric sheets of 200mm x 200mm each were stacked 
for each panel to have final thickness of 2mm (after cure). The laminates for ILSS 
testing were made by staking 24 plies and had a thickness of about 4 mm. Each fabric 
sheet was individually impregnated with the resin and manually rolled hard after 
placing on the stack to ensure maximum infusion of resin in fibre-bundles and 
removal of entrapped air. The stacked laminates were placed in a screw press and 
cured in an oven for 2 hrs at 60°C and 6 hrs at 130°C. The samples were post cured at 
160°C for 1 hour. The multiscale Kevlar-CNTs-epoxy composites (KCE composites) 
containing 0 wt%, 0.2 wt%, 0.3 wt%, 0.4 wt% and 0.5 wt% MWCNTs in matrix were 
designated as 0%KCE, 0.2%KCE, 0.3%KCE, 0.4%KCE and 0.5%KCE respectively. 
The test plates of epoxy blends (without aramid reinforcement) were also casted for 
complementary testing (EC nanocomposites), correspondingly labelled as 0%EC, 
0.2%EC, 0.3%EC, 0.4%EC and 0.5%EC respectively.  
5.2.5. Characterization and Mechanical Testing 
The acid functionalization of MWCNTs was confirmed by FTIR spectroscopy 
(Perkin Elmer, Spectrum 100 FTIR Spectrometer) using standard KBr palleting 
method in transmission mode accumulating 256 scans at resolution of 4cm-1. 
Scanning electron microscopy (SEM) was used to observe the dispersion of 
MWCNTs in epoxy matrix by casting a thin plate of CNTs filled resin and etching its 
surface in hot sulphuric acid at 60°C for 30 seconds. Flexural tests (ASTM D790-03) 
and dynamic mechanical tests (ASTM D4065) in temperature sweep were performed 
on both EC nanocomposites and KCE multiscale composites. Instruments models, 
specimens' dimensions and test conditions were same as describes in section 3.2.6 
similar tests. Interlaminar shear strength (ILSS) of multiscale composites was 
109 
measured by short beam shear method (ASTM D2344). The samples dimensions for 
ILSS were 30mm x 8mm x 4mm (L x B x D) and the tests were performed at support 
span to thickness ratio 4 as specified by the standard; 08 samples were tested in each 
case. 
5.3. Results and Discussion 
5.3.1. Functionalization of MWCNTs 
The Figure 5.1demonstrates the FTIR spectra of pristine and acid 
functionalized MWCNTs. It is well known that acid oxidation introduces phenolic (O-
H), carboxylic (-COOH) and carbonyl (C=O) groups on side walls of CNTs, and 
carboxylic (-COOH) groups on tube ends [177, 178]. In spectrum (b), the broad 
absorption that ranges from ~3600-3000 cm-1 is assigned to the O-H (hydrogen 
bonded) stretching vibration in phenols and carboxylic acids. The specified range for 
O-H stretching vibration is relatively higher for phenols (3400-3600 cm-1) as 
compared to carboxylic acids (2500-3000 cm-1) [24]. The overlap of these two peaks 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1: FTIR spectrum of (a) pristine and (b) acid oxidized MWCNTs 
110 
 
has resulted in a single broader peak. The absorption due to the stretching of carbonyl 
C=O of acids appeared at 1731 cm-1. The other peaks at 1590 cm-1, 1381 cm-1 and 
1100 cm-1 may be assigned to the overlap of C=O/C=C stretching, O-H bending (in-
plane) and C-O stretching vibrations respectively. Thus the spectrum confirms the 
oxidative functionalization of the MWCNTs used in this study. 
5.3.2. Dispersion of CNTs in Epoxy  
A combination of sonication and rigorous mixing was used to disperse CNTs 
in diluted epoxy component "A" as it has been frequently reported that this 
combination is effective in dispersing CNTs [31, 179] . Further, the acid oxidation 
helps to achieve good dispersion in two ways: (a) the functionalized amorphous 
carbonaceous material produced during oxidation acts as a surfactant and stabilizes 
the dispersion [180], (b) the carboxylic groups generated at the side walls and at the 
ends of CNTs stabilize the dispersion in solvent or matrix through steric hindrance 
and electrostatic stabilization [181, 182]. The increased viscosity of the CNTs-
epoxide blend also hinders the aggregation of the CNTs. The dispersion achieved in 
present study was stable in epoxide "A" component for weeks. Though it has been 
hard with available facilities to observe the state of distribution of CNTs in cured 
epoxy nanocomposite, we were able to find observations of reasonable dispersion in 
SEM after etching of sample in hot sulphuric acid. Figure 5.2 shows two such 
micrographs which demonstrate individual CNTs distributed in the matrix for 0.2wt% 
CNTs sample, though likelihood of some agglomeration cannot be overruled. The 
excessive debris and roughness seen in the micrographs is due to the non-uniform 
etching.  
5.3.3. Mechanical and Thermo-Mechanical Properties of Epoxy-CNTs Nano 
Composites 
The effect of the addition of MWCNTs on the matrix (alone) properties was 
studied by flexural testing of Epoxy-CNTs nanocomposites. The Figure 5.3 presents 
representative stress-strain curves whereas the Figure 5.4 and Table 5.1 present 
average flexural strength and modulus data registered in these tests for composites 
with different CNT contents. A 20.26% improvement in average flexural strength and 
16.37% improvement in flexural modulus has been observed with only 0.2 wt%  
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(a) 
(b) 
Figure 5.2: SEM micrographs of acid etched surface of 0.2%EC nano-composite 
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*tests were terminated at maximum strain level of 5% 
Figure 5.3: Flexural stress-strain plots of epoxy-CNTs nanocomposites for different 
CNT contents 
Figure 5.4: Flexural properties of epoxy-CNTs nanocomposites with different 
CNT contents 
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Table 5.1: Flexural properties of epoxy-CNTs nanocomposites with different CNT contents 
CNT Contents 
(wt%) 
Mean Flexural Strength 
(MPa) 
Mean Flexural Modulus 
(GPa) 
 
  
0 92.30 ± 4.33 2.26 ± 0.12 
0.2 111.00 ± 4.75 2.63 ± 0.15 
0.3 104.74 ± 3.61 2.59 ± 0.14 
0.4 101.49 ± 3.91 2.40 ± 0.12 
0.5 96.83 ± 4.47 2.40 ± 0.14 
 
addition of MWCNTs which indicates a good reinforcing effect of the nanophase. The 
SEM of the fractured surfaces (Figure 5.5) exhibited considerably higher "rippling" 
effect, highlighting crack deflection effect of the nanophase. However, a decreasing 
trend has been observed in both flexural strength and modulus by increasing the 
nanotube concentration above 0.2%. The samples containing 0 wt% to 0.4wt% all 
showed elongation at break greater than 5% (the tests were terminated at maximum 
strain level of 5%), however the samples containing 0.5wt% CNTs exhibited 
considerably lower elongation at break in most of the samples. 
The decreasing trend in flexural strength and modulus can be explained in 
terms of the dispersibility, or the so called "solubility", of the MWCNTs and its 
relation to the conditions of oxidative acid treatment. It is a well known fact that good 
and uniform dispersion of CNTs is the key to transfer their exceptional mechanical 
properties into the nanocomposites. While harsh reaction conditions in oxidative 
treatment at higher acid concentration for prolonged times result in the highest 
dispersibility, i.e. least agglomeration probability, it causes severe damage to the 
tubes resulting in a greater mass loss as amorphous carbonaceous residue [180]. So 
there is a trade off, and the conditions chosen for oxidative treatment would determine 
the maximum concentration for satisfactory dispersion without much agglomeration. 
While good and homogeneous dispersion without significant agglomeration would 
provide maximum interfacial contact and maximum reinforcement effect, greater 
agglomeration due to lower dispersibility would tend to decrease the same effect. 
Further, the larger agglomerates would start acting as flaws, degrading mechanical 
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properties in terms of reduced elongation at break, lower strength and higher 
compliance. The trends observed in present studies reflect that the oxidative treatment 
in our case was not strong enough to support higher concentration of MWCNTs in the 
matrix. While lower wt% of the nanophase (up to 0.2wt%) resulted in significant 
improvement in flexural strength and modulus, the decreasing trends for nanotube 
(a) 
(b) 
Figure 5.5: SEM micrographs of the fractured surfaces of (a) neat epoxy and (b) 
epoxy-CNTs nanocomposite 0.2% EC; significantly enhanced "rippling" effect is 
the result of higher crack deflection ability of the nano-composite 
115 
 
contents above 0.2 wt% may be an indication of the poor dispersibility at higher 
concentrations. This point will be further elaborated in discussion on DMTA results 
latter in this section. The concentration of nano-filler above which the mechanical 
properties start decreasing may be termed as the saturation point. The saturation point 
as low as 0.05 wt% in epoxy for flexural strength have been reported in case of 
unfunctionalized MWCNTs which are prone to severe agglomeration [183]; the 
amino-functionalized MWCNTs showed higher saturation point at 0.5wt% whereas 
silanes-functionalized MWCNTs took the intermediate value at around 0.25 wt%. 
 Though further higher concentrations are not tested in present study due to the 
limitations associated with rapid increase in matrix viscosity at higher nanotube 
contents, the trends predict that further increase in nanotube contents might have 
degraded the properties below to that of the neat resin. It signifies the importance of 
optimizing the conditions for oxidative treatment, using alternate ways for 
maximizing dispersibility and qualitative and quantitative estimation before going to 
the fabrication of nano and multiscale composites; the work being carried out on these 
lines. 
The dynamic mechanical testing provided further insight to the behaviour of 
the nanomodified matrix. The factors that strongly affect the dynamic behaviour of 
epoxy composites include the filler contents, its geometrical characteristics, the state 
of dispersion and the level of matrix-filler adhesion [184]. The desirable conditions 
are: (a) the filler contents should not exceed the saturation limit of the material, (b) 
agglomeration to be avoided and (c) a good adhesion with the matrix. These factors 
determine the amount of elastic energy stored in the material and the amount of 
energy dissipated by the material in each loading cycle, both are reflected in DMTA 
as storage and loss moduli respectively. 
The trends in DMTA observed in present study are, to the major part, 
consistent with the findings of flexural tests. The DMTA plots for 0, 0.3 and 0.5% EC 
nanocomposites are shown in Figure 5.6. The storage modulus of the 0.3% EC 
nanocomposite in glassy region is highest in the series which proves good dispersion 
and strong interfacial interaction between matrix and the nano phase resulting in 
effective reinforcement for given nanophase contents. P.C. Ma et. al. [183] reported 
that the storage modulus of unfunctionalized MWCNTs-epoxy nanocomposite was  
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Figure 5.6: DMTA plots for epoxy-CNTs nano-composites in temperature sweep for different 
CNT contents–(A) Storage modulus, (B) Loss modulus and (C) tanD vs Temperature plots 
(C) 
(A) 
(B) 
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marginally lower than the neat epoxy which was attributed to the greater tendency of 
pristine MWCNTs to agglomerate and the weak interfacial interaction with the 
matrix. In the same study, enhanced storage modulus was reported for amino-
functionalized MWCNTs-epoxy nanocomposites characterized for good dispersion 
and strong interfacial interactions. 
The loss modulus of the 0.3% EC nanocomposite is also higher than the neat 
matrix (Figure 5.6 (B)). The addition of nano-filler increases the loss modulus as 
nano-filler offers enormous interfaces due to very high specific surface area, thus 
enhancing the energy dissipation in the system which is reflected by the higher value 
of loss modulus [185].  
The values of both storage and loss moduli for 0.5%EC are lower up to the 
rubbery plateau than 0.3%EC. This supports the idea of poor dispersibility and higher 
agglomeration at higher nanotube contents as suggested on the basis of flexural tests. 
The agglomeration, on one part, would reduce the total effective surface area of the 
filler for interface formation, thus reducing relatively the energy dissipation in the 
system and consequently the loss modulus. On the other hand, cumulative weakening 
due to the presence of larger agglomerates would results in relatively more 
compliance which has been reflected as relatively lower storage modulus as compared 
to 0.3%EC nanocomposite [186].  
The loss or damping factor tanD vs temperature plots are shown in Figure 5.6 
(C). These take almost the similar shape for all three composites. The damping factor 
tanD by definition is the ratio of loss to storage modulus. The value of tanD for 
0.3%EC nanocomposite is almost same to the neat matrix system, which indicates that 
both moduli have increased proportionally by the same factor. The higher value for 
0.5%EC indicates that storage modulus has relatively less profound enhancement, 
which can again be attributed to the cumulative weakening due to agglomeration for 
higher nanotube contents. 
5.3.4. Mechanical and Thermo-Mechanical Testing of Multiscale Aramid-
CNTs-Epoxy Composites 
Since the flexural properties are not purely fibre dominated but do include to 
certain extent the matrix and interfacial contribution, properties of the nanomodified 
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matrices reflected accordingly in the flexure tests of corresponding multiscale 
Aramid-CNTs-Epoxy composites, though the effect is less profound as nanophase 
contents are further reduced considerably in hybrid composites (hybrid composite 
contains about 40 vol% matrix). Figure 5.7 (a) shows representative curves of flexure 
tests on multiscale KCE composites. In the series, best flexural properties were 
observed for the hybrid composite 0.2% KCE; an enhancement of 15.88% in flexural 
strength over 0% KCE was observed while elongation at break was also higher. 
However, no significant effect on flexural modulus was observed. This is 
understandable as the volume fraction of the nano-reinforcement phase is much much 
lower than the fibrous reinforcement, thus its modulus contribution is too low to effect 
modulus of the composite. The strength and elongation at break went on decreasing 
by increasing nano-filler contents which is consistent with the trends seen in flexural 
testing of nano-modified matrix, and thus the same explanation holds. Further, it has 
been observed that for 0.4% and 0.5% EC, the matrix becomes more brittle which 
may result, apart from agglomeration issue, in decreased strength and elongation at 
break. Godara et al [170] reported up to 20% decrease in tensile strength of multiscale 
carbon fibres/CNTs/epoxy composites containing 0.5wt% of different kinds of CNTs 
which was attributed to the matrix stiffening effect of functionalized CNTs resulting 
in enhanced stress concentration around broken fibres. The mean values of flexural 
strength of hybrid KCE composites as observed in present study are presented in 
Figure 5.7 (b). The greater scatter in test data for 0.5%KCE as reflected by higher 
standard deviation may be associated to the dependency of the measured value on the 
internal structure of the sample which may be affected by the variability in matrix 
properties in relatively larger laminate due to non uniform dispersion of nanophase. 
The DMTA plots of multiscale composites KCE are presented in Figure 5.8. 
Improved mechanical properties associated with the addition of nanophase are evident 
by higher storage modulus of multiscale composites at all temperatures in the scanned 
range and the lower value of the damping factor. Overall, the trends are following to 
those observed for corresponding matrix nanocomposites with only the minor 
differences and thus the significance of nano-modification of the matrix is evident.  
Few studies that used RTM/VARTM as manufacturing technique reported that 
the enhancement in mechanical properties of the matrix achieved by the addition of 
nano-filler did not reflect in a predictable way in corresponding multiscale hybrid 
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Figure 5.7: Flexural properties of multiscale Kevlar® Fabric-CNTs-Epoxy hybrid composites — (a) 
representative stress - strain plots and (b) mean values of flexural strength for different nanotube 
contents 
(a) 
(b) 
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Figure 5.8: DMTA plots of multiscale hybrid KCE composites in temperature sweep for different 
nanotube contents for fixed contents of Kevlar® fabric reinforcement (graph titles differentiate 
between the plots) 
composites [170, 173], rather negative effects were observed in some properties. In 
present study while using layup method, a good co-relation between enhanced matrix 
properties and to that of corresponding multiscale composites has been observed. 
Thus an important finding is that the layup technique is more suitable than 
RTM/VARTM for transferring the effect of nano-modification of matrix properties to 
the corresponding multiscale composites. This may be due to the facts that (a) the 
number of process variables is lesser in layup method and (b) though not observed 
conclusively in referred studies, the large no of closely packed fibre bundles in thicker 
pre-form arrangement for required thickness might have filtering effect resulting non-
uniform distribution of the nanophase in the laminate/composite. 
5.3.5. Interlaminar Shear Properties of Multiscale Woven Kevlar-CNTs-Epoxy 
Composites 
The short beam shear test is the most commonly used test method for measuring 
interlaminar shear properties of balanced and symmetric fibre-reinforced-polymer 
composite laminates. The specimen of rectangular cross-section rests on two end 
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rollers with a defined support span to thickness ratio and then loaded centrally by a 
loading roller/nose (three point bending configuration). The standard test method 
ASTM D2344-00 (2006) describes that, though shear is the principal applied loading 
in the test, complex stresses are generated in the specimen which may result in a 
number of failure modes including, but not limited to, compressive or tension flexure 
and inelastic deformation other than the pure interlaminar shear. The material 
parameters such as matrix properties, void contents in the laminate, reinforcement 
type and volume fraction mostly affect the initiation order of any of these failure 
modes. The test standard further dictates that unless a clear mid-plain interlaminar 
failure is observed, the short beam strength cannot be related to a shear property; the 
given equation for interlaminar shear strength which has been derived from beam 
theory would not yield a correct value for shear strength. 
In the present study most of the specimens failed in the mixed mode, 
dominated by elastic deformation. Only less than 10% of specimens (3 out of 32 total, 
0.5%KCE specimens could not be fabricated due to the material shortage) failed in 
pure interlaminar shear, which could be distinguished from others by the type of 
stress-strain plots exhibiting characteristic load drop behaviour. This might be due to 
high ductility of the matrix used in this study and the wavy nature of the interlaminar 
regions associated with the woven fabric. Similar issues have been reported 
previously with woven glass fabric-epoxy laminates [31]. Z. Fan et al. [31] observed 
resin micro-cracking between fibre tows and indentation damage as mixed failure 
modes in samples exhibiting failures other than clear interlaminar shear. 
Though approach is not correct in true sense as contribution of various failure 
mechanisms is not known and ILSS equation is not valid under those conditions, the 
maximum force observed in each test has been used to calculate interlaminar strength 
to highlight the extent of data scatter observed in the test. The values have been 
tabulated in Table 5.2. The statistical analysis among various data groups, as indicated 
in Table 5.2, have been performed using Microsoft Excel data analysis tool. In 
addition to the inherent uncertainty in the measured values, the data groups are not 
significantly different from each other statistically due to high scatter as the p-value of 
each group of data when coupled with group 1 data is higher than the significant level 
of 0.05. Thus the data would be considered to belong to the same population and no 
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Table 5.2: Short beam shear test data for Kevlar fabric-CNTs-Epoxy multiscale composites for 
different nanotube contents. The p-values of 3 data sets (group 2 to 4), each in conjunction with 
group 1 data, are higher than the confidence level of 0.05 
 Interlaminar 
shear strength 
(MPa) 
Interlaminar 
shear strength 
(MPa) 
Interlaminar 
shear strength 
(MPa) 
Interlaminar 
shear strength 
(MPa) 
 Group 1 Group 2 Group 3 Group 4 
Specimen 0% KCE 0.2% KCE 0.3% KCE 0.4% KCE 
1 29.7 22.5 26.1 23.6 
2 28.8 23.7 20.3 21.4 
3 30.1 29.7 28.4 21.8 
4 27.0 28.4 19.5 23.9 
5 18.5 25.3 29.1 27.8 
6 24.1 24.8 21.8 18.9 
7 20.4 20.2 24.2 24.1 
8 29.2 24.9 23.9 22.8 
Average 25.97 24.93 24.16 23.03 
Standard 
Deviation 
4.49 3.04 3.55 2.57 
  p-value (Group 
1& Group 2 
data) = 0.30 
p-value 
(Group 1& 
Group 3 
data)= 0.19 
p-value (Group 
1& Group 4 
data)= 0.07 
 
valid conclusions on the effect of addition of the nanophase on ILSS of given 
multiscale composite system can be drawn. A different test method such as 
compression shear test [31, 187, 188] may be used to establish the said effect, for 
which the studies are in preparation. 
5.4.  Conclusions 
Multiscale aramid (Kevlar®) fabric/CNTs/epoxy composites have been 
prepared by conventional layup technique. It has been shown that mechanical and 
thermo-mechanical properties of the epoxy matrix nano-reinforced by acid oxidized 
MWCNTs depend strongly upon the solubility limit of the nanophase in the matrix. 
For the acid oxidation practiced in present research, the saturation limit in nanotube 
contents has been found to be 0.2wt%. An enhancement of 20.26% and 16.37% in 
flexural strength and modulus respectively has been observed for nano-composites 
containing 0.2 wt% functionalized MWCNTs over the neat epoxy resin. Above the 
saturation point, a decreasing trend in flexural properties is observed. DMTA 
provided further insight and supported the finding of flexural tests. The trends 
observed in mechanical and thermo-mechanical properties of nano-reinforced epoxy 
matrix reflected well accordingly in the multiscale composites made by hand-layup 
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technique, and thus this relatively simple technique is more efficient in transferring 
the benefits of nano reinforcement of matrix to the multiscale composite. While useful 
conclusions have been drawn about some mechanical properties and processing 
conditions, the study is not conclusive in establishing the effect of the addition of 
MWCNT on ILSS of Woven aramid fabric-Epoxy laminates due to the unsuitability 
of the short beam shear test method used in the study. A more suitable method such as 
compression shear test may provide further insight. 
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Chapter 6 
6. Summary, Comparison and 
Conclusions 
Chapter six concludes the thesis, summarizing the work and comparing results 
of different techniques. Recommendations for future work are also part of this 
chapter.  
6.1. Summary of the Thesis 
This research has been focused on improvement of interfacial adhesion and 
tailoring of interfaces / interphases in aramid - epoxy composites, in a view to 
enhance the modulus in continuous fibre composites to a level reasonably above that 
which is achieved using commercial fibres. However, the typical obligation has been 
to accomplish this with the minimum damage to the fibre's mechanical properties, and 
that the technique(s) would preferably be suitable for scale-up. The structure- property 
relationships have been established, at least qualitatively, and verified. Novel 
approaches have been worked out and reported in the thesis. 
6.1.1. Chemical Surface Treatment 
A novel chemical treatment has been developed in this thesis for the surface 
modification of aramid fibres that is based on the N-acylation of surface amide groups 
with an anhydride reagent. Adhering to the defined objectives, we have shown that 
the treatment is mild, not degrading significantly the mechanical properties of the 
fibres. In addition it has a great potential for scale-up; the treated fibres in sufficient 
quantity for fabricating unidirectional laminates has been successfully produced on a 
laboratory prepreg machine. 
 The surface-anhydride interaction was indicated by differential scanning 
calorimetry (DSC) by measuring the heat effect associated with the likely chemical 
change. The treatment introduced pendent carboxylic groups on the fibre surface, 
capable of forming covalent bonds with epoxy matrix in subsequent composite 
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fabrication step. It improved interfacial and interlaminar shear strength respectively in 
model and bulk composites fabricated with the treated fibres. The changes in surface 
chemical composition after treatment were characterized by FTIR and XPS 
techniques. The FTIR revealed that anhydride characteristic peaks were lost after 
chemical interaction and new peaks appeared in the spectrum of treated fibre, which 
suggested a successful treatment. XPS confirmed the aramid surface - anhydride 
chemical interaction, as two new peaks at higher binding energy end of the XPS 
spectrum appeared in treated fibre sample confirming the generation of N-C=O and -
COOH type bonds as a result of the proposed reaction. The SEM of treated surfaces 
revealed only a marginal increase in surface roughness, and that's why the mechanical 
properties of the fibres were not significantly affected. There was only a slight 
decrease in fibre strength up to 2.89%. 
The effect of chemical surface treatment of aramid fibres on interfacial, 
mechanical and thermo-mechanical properties of the fibres-epoxy composites was 
assessed by fibre-bundle pull-out, flexural and interlaminar shear strength 
measurements, and dynamic mechanical and thermal analysis. For model aramid 
fibre-epoxy composites, the average interfacial shear strength improved by about 21% 
over control samples after chemical treatment of fibres. Likewise, the unidirectional 
laminates containing treated fibres exhibited about 16% enhancement in interlaminar 
shear strength over the control samples. The flexural strength decreased marginally 
(~1%) which has been attributed to the enhanced interfacial properties resulting in a 
higher stress transfer efficiency, thus approaching ultimate flexural stress at relatively 
lower applied load. The DMTA revealed significantly higher storage modulus in 
composite containing treated fibres, which confirmed enhanced interfacial adhesion 
between the matrix and treated fibres and the superior mechanical properties. In 
contrast to the reported trends for other composite systems, a higher damping factor 
was observed in treated-fibres composite as compared to the control samples 
containing non-treated fibres. This has been attributed to the inert nature of the aramid 
surface and limited accessibility of surface amide groups for chemical reaction due to 
steric hindrance resulting in a distribution of strongly and weakly bound interfacial 
regions that may cause higher energy loss in the system and thus higher damping 
factor. 
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 The SEM of the fractured surfaces in all three failure modes revealed 
cohesive fracture in treated fibres' composites in contrast to the interfacial failure in 
virgin composites. This clearly demonstrates enhanced interfacial interactions as a 
result of the chemical treatment, whereas a weak bond is verified in virgin 
composites. The SEM observations corroborated well with the results of mechanical 
tests. 
6.1.2. Aramid Surface Modification by Graphene-Oxide Nano-Sheets  
In an entirely different approach, the surface of Kevlar aramid fibres was 
modified by chemical attachment of graphene oxide (GO) nano-sheets on the surface 
of fibres, thus producing a multiscale reinforcement. The nano-phase acts as a 
secondary reinforcement in multiscale composites resulting in enhanced properties 
over conventional fibre reinforced composites. GO had previously shown a good 
promise for tailoring interfaces, but not tested in enhancing the surface and 
mechanical properties of reinforcement fibres. This was the first study of its kind that 
introduced a new technique that can be used to enhance the properties of existing 
composite materials. The graphene oxide nano sheets were produced through 
controlled oxidation (Hummer's method) and exfoliation of graphite powder. 
In present research, we prepared Aramid fibre- graphene oxide multiscale 
reinforcement fibres by covalent attachment of graphene oxide nano-sheets on 
functionalized fibre surface and studied the mechanical and interfacial properties 
thereof. The treatment simultaneously enhanced surface activity and strength of the 
fibre which proved this technique superior to the conventional chemical treatments 
where enhanced surface activity usually accompanies mechanical loss penalty. The 
fibre surface was functionalised by a (few nanometre) thin plasma co-polymerized 
film of allylamine-octadiene that provided amine functionalities on the fibre surface. 
The graphene oxide nanosheets were then attached to the functionalized surface of 
fibre through chemical interaction of reactive functional groups on their surfaces. The 
reactions were facilitated in both acidic and basic reaction conditions (samples 
designated as ARGO6 and ARGO9 respectively), which resulted in different end-
properties.  
The plasma co-polymerized functional primer coating has been characterized 
by contact angle goniometry, micro Raman and X-ray photoelectron spectroscopy. 
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The increasing molar ratio of co-monomer in plasma feed resulted in enhanced 
stability of the coating against dissolution in reaction medium as evident by increased 
contact angle, while concentration of the functional groups correspondingly reduced 
as observed by XPS. As a trade-off, monomer to co-monomer molar ratio of 75 to 25 
was selected. XPS and micro-Raman spectroscopy showed good functionality 
retention for the chosen plasma parameters. Raman and FTIR spectroscopy was used 
for the characterization of graphene oxide; both techniques confirmed the successful 
oxidation of graphite to GO. The water suspension of GO was purified by 
centrifugation to contain only the single graphene oxide sheets for attachment on fibre 
surface. The AFM micrographs showed that GO nano-sheets were fully exfoliated and 
present mostly as single layer.  
The chemical interaction between functional groups on primer layer and to 
that on GO nano-sheets was confirmed by facilitating the reaction on a model neutral 
surface (silicon wafer). The significant shifting of the G band of graphene oxide 
towards higher wavenumber indicated strong chemical interaction of the attached GO 
sheets to the plasma co-polymerized primer layer on the silicon wafer surface. After 
confirmation of the proposed interactions in that way, the fibres were treated by 
similar procedures. FTIR spectra of the fibres treated in two reaction conditions 
indicated significant changes in surface chemistry of the treated fibres. In both 
modified samples, the contribution of carbonyl peak of GO (-C=O stretching 
vibrations of –COOH functionalities, ν 1732 cm-1) appeared as shoulder at 1721 cm-1 
to the 1688 cm-1 peak in neat Kevlar® spectrum and appearance of new peaks around 
1030 cm-1 due to the newly formed –C–NHx type bonds indicated the chemical 
attachment of GO nano-sheets on the fibre surface. The peak ratios calculated from 
the peak fitting models on original spectra suggested that more –COOH groups were 
retained in acidic reaction conditions, whereas partial reduction of GO sheets occurred 
in alkaline reaction bath, similar conclusions were drawn from XPS analysis as well. 
It was argued that reaction in alkaline conditions had resulted in partially reduced GO 
sheets more strongly and uniformly attached to the fibre surface. AFM finally 
confirmed the attachment of GO sheets to the fibre surface, the micrographs showed 
uniform coverage of the surface. 
The effect of surface attachment of GO nano-sheets on strength and adhesion 
characteristics of fibres was assessed by single filament tensile test and micro-bond 
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technique respectively. Better strength and adhesion properties were observed for 
fibres treated in alkaline GO bath (ARGO9) as compared to those treated in acidic 
condition (ARGO6); it has been attributed to the partial reduction by ammonia and 
restoration of sp2 graphitic structure of the graphene nano-sheets attached to the fibres 
surface and stronger attachment due to the enhanced interaction of dissociated 
COOH groups of GO in alkaline reaction bath. The mean tensile strength of the 
control, ARGO6 and ARGO9 fibres was found to be 3.41±0.23, 3.67±0.33 and 
3.69±0.38 GPa respectively which represents, on the average for ARGO9 fibres, a 
7.9% improvement over control sample. A significant improvement was observed in 
interfacial shear strength (IFSS) in model composites of modified fibres with epoxy. 
For Aramid-GO multiscale fibres, values of 38±4.35 and 44.33±3.14 MPa were 
observed for ARGO6 and ARGO9 respectively which represent 24% and 44.68% 
improvement in the IFSS over control samples (30.64±3.6 MPa). This was attributed 
to the entirely changed surface chemistry in treated fibres surfaces that were richer in 
oxygen containing reactive functional groups which, when coupled with the 
nanostructured interphase, resulted in better adhesion with epoxy matrix.  
6.1.3. Aramid Fabric–Nanoreinforced Epoxy Multiscale Composites 
Composite laminates made by conventional techniques do not have 
reinforcement fibres oriented in thickness direction. As a result, the mechanical 
properties in transverse direction are inferior to in-plane properties. Recent studies 
have demonstrated that addition of small amounts of functionalised CNTs in epoxy 
matrix improved the interlaminar properties of glass and carbon fibre composites. 
However, only a limited no of studies have reported on mechanical and interlaminar 
properties of filled epoxy-aramid fabric composites. 
In present study, Woven Kevlar® Fabric/ nanoreinforced epoxy laminates have 
been prepared by hand layup technique, wherein a small quantity (0.2 to 0.5 wt%) of 
acid-oxidized MWCNTs was dispersed in the epoxy matrix before laminate 
fabrication. Laminates with neat epoxy resin were also prepared in similar fashion for 
comparison of properties. Interlaminar shear strength was measured by short beam 
shear test. Flexural strength and dynamic mechanical properties were also measured 
for epoxy-CNTs nanocomposites as well as for multiscale hybrid composites.  
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The purified MWCNTs were acid functionalised by treatment with a mixture 
of concentrated HNO3 and H2SO4 (1:3). FTIR spectroscopy revealed that acid 
oxidation introduced phenolic (O-H), carboxylic (COOH) and carbonyl (C=O) 
groups on surfaces of the MWCNTs which, in conjunction with sonication and 
rigorous mixing, helped to achieve good dispersion. The functionalized MWCNTs 
were sonicated in methanol and mixed with epoxide A component and agitated 
vigorously. After removal of solvent and cooling, part B was added and formulations 
containing various CNT contents ranging from 0.2 to 0.5 wt% were used to 
cast/fabricate epoxy-CNTs nanocomposites and multiscale laminates with Kevlar® 
Fabric.  
The effect of the addition of MWCNTs on the matrix properties was studied 
by flexural testing of epoxy-CNTs nanocomposites. A 20.26% improvement in 
average flexural strength and 16.37% improvement in flexural modulus was observed 
with only 0.2 wt% addition of MWCNTs which indicated a good reinforcing effect of 
the nanophase. However, a decreasing trend was observed in both flexural strength 
and modulus by increasing the nanotube concentration up to 0.5 wt%. It was 
explained in terms of solubility limit of the functionalized MWCNTS at 0.2 wt% 
resulting in poor dispersibility and lower mechanical properties at higher CNT 
contents. 
 The dynamic mechanical behaviour of epoxy nanocomposites depends 
strongly on filler contents and geometrical characteristics, the state of dispersion and 
the level of matrix-filler adhesion. The trends in DMTA observed in present study are, 
to the major part, consistent with the findings of flexural tests. The storage moduli of 
the nano-composites were higher than the neat epoxy resin; however higher modulus 
was observed for sample containing 0.3 wt% CNTs as compared 0.5 wt%. It has been 
attributed to better dispersion and strong interfacial interaction between matrix and 
the nano phase near the saturation limit resulting in more effective reinforcement 
effect. The loss moduli of the nanocomposites were also higher than the neat matrix. 
That has been ascribed to the enormous interfaces offered by the nano filler resulting 
in enhanced energy dissipation in the system. 
The enhanced mechanical properties of the nanomodified matrices reflected 
accordingly in the flexure tests of corresponding multiscale aramid-CNTs-Epoxy 
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composites, the best properties among the formulations were observed for the hybrid 
composite containing 0.2% wt% CNTs. An enhancement of 15.88% in flexural 
strength was observed over Aramid fabric- epoxy laminate without CNTs, while 
elongation at break was also higher. Improved mechanical properties associated with 
the addition of nanophase were also exhibited in DMTA analysis by higher storage 
modulus of multiscale composites at all temperatures in the scanned range and lower 
value of the damping factor.  
Contrary to some previous studies using RTM as fabrication technique for 
multiscale reinforcement laminates, a good co-relation between enhanced matrix 
properties and to that of corresponding multiscale composites has been observed. 
Thus an important finding is that the layup technique is more efficient than 
RTM/VARTM for transferring the effect of nano-modification of matrix properties to 
the corresponding multiscale composites. 
The short beam shear test is the most commonly used test method for 
measuring interlaminar shear properties of balanced and symmetric fibre-reinforced 
polymer composite laminates. However, complex stresses are generated in the 
specimen that, depending upon matrix properties, void contents in the laminate, 
reinforcement type and volume fraction, may result in a number of failure modes 
other than the desired interlaminar shear failure. In the present study more than 90% 
specimens failed in the mixed mode, dominated by elastic deformation, and that was 
ascribed to the high ductility of the matrix used in this study and the wavy nature of 
the interlaminar regions associated with the woven fabric. In addition to the 
uncertainty associated with the mixed failure mode, the large scatter in observed 
failure loads resulted in p-values higher than the usually accepted confidence level of 
0.05. Thus the study has not been conclusive in establishing the effect of the addition 
of MWCNT on ILSS of Woven aramid fabric-Epoxy laminates due to the test method 
not been suitable for the laminates prepared in present study, an alternate test method 
has been suggested.  
6.2. Comparison and Conclusions 
Three techniques have been studied in present thesis for interface/interphase 
modification for improved mechanical and interlaminar properties in aramid-epoxy 
composites. The chemical surface treatment for aramid fibres developed in present 
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thesis resulted in a moderate increase in surface activity of the fibres. Though the 
effect on interfacial/interlaminar properties was moderate, the dynamic modulus 
substantially improved. The simultaneous enhancement in loss modulus originating 
from the partial surface treatment and the ensuing "slip-stick" effect may be 
advantageous for enhanced toughness of the composite. A simultaneous enhancement 
in stiffness and toughness is not a usual combination and may be beneficial for many 
end use applications .The other advantages of the chemical treatment technique 
developed in present thesis include: (a) much less damage to the fibres as compared to 
the previously reported chemical treatments (b) use of less toxic chemicals and (c) the 
greater potential of scale up. Though some of the previously reported chemical 
treatment methods have claimed higher improvements in interfacial/interlaminar 
properties, none of those have been adopted as standard practice in industry due to the 
limitations associated with the factors listed above as advantages of newly developed 
technique. 
The second technique developed in present thesis – the surface modification of 
fibres by graphene-oxide nano-sheets – was the first of its kind and proof-of-concept 
type study. Thus the technique is in its infancy and much work is required to develop 
it to the level where it may be adopted as a standard industrial practice. The 
challenges are: the facile methods for the production and chemical attachment of the 
graphene oxide nanosheets and fibre surface functionalization. The technique has 
shown better results in terms of enhancement in interfacial properties. It has 
additional advantages of simultaneously enhancing the strength and surface activity of 
the fibres and being "general" in nature that can be extended to other fibre classes and 
thus has the potential to improve the mechanical properties of the existing composite 
materials. Thus, if developed to a working level, it may be a better substitute of the 
existing art.  
The third technique - the nano reinforcement of matrix- studied in this thesis 
has shown good promise in previous studies as well, is very simple in concept and 
requires little efforts to adopt for production set-ups. However it has been shown in 
present studies that it is quite sensitive to the nano-phase contents with regards to the 
saturation limit, the functionalization parameters and the level of dispersion. Though 
present study has not been conclusive in establishing the effect on interlaminar 
properties, it has been shown that moderate enhancement in stiffness and flexural 
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properties in conventional composite can be achieved with the addition of a very 
small quantity of the functionalised MWCNTs to the matrix in conventional lay-up 
technique.  
6.3. Future Work 
The anhydride treatment conditions need to be optimized further to minimize 
the modulus gradient effect as described in section 3.3.2. The parameters to be 
investigated may be the choice of anhydride reagent, the use of a suitable catalysis 
and different reaction conditions. A quantitative estimation of the number of pendent 
groups created on the fibre surface may serve as a useful indicator to measure the 
effect of a different set of parameters.  
The possible justification for the observed increase in tanD value, as suggested 
in section 3.3.2, needs to be confirmed. A set of experiments with controlled variation 
in treated and untreated regions on the fibre surface and its effect on DMTA 
behaviour of the resulting composite may provide further insight to the suggested 
phenomenon. 
Due to the skin core morphology of the Aramid fibre, any improvement in 
interfacial shear strength is limited to the cohesive strength of the skin. The surface 
treatment of carbon fibres by anodic oxidation is believed to be a two step process 
wherein the weak skin is initially removed followed by incorporation of the reactive 
pendent groups on the surface [189, 190]. The same approach if extended to aramid 
fibres may benefit to overcome inherent structural limitation of the fibre. However the 
real challenge is to find the way for controlled removal of the weak skin in aramid. 
The bulk composites based on the technique of interphase modification by 
graphene oxide nano-sheets would be produced and tested. Much work is required to 
make the technique simpler and suitable to be extended to other fibre-matrix systems 
and to take it to the level of industrial importance. 
The compression shear test (CST) assembly would be arranged or designed to 
determine the effect of addition of the nanophase to the interlaminar shear strength of 
the hybrid (aramid fabric/CNTs/epoxy) multiscale composites studied and described 
in chapter 5 of the thesis. 
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